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ADVERTISEMENT. 


This  volume  is  the  first  of  a  work  designed 
to  exhibit  a  Comprehensive  View  of  the  Prin- 
ciples of  Natural  Philosophy,  Though  com- 
piled chiefly  for  the  use  of  my  Students,  it  is 
written,  I  hope,  with  sufficient  expansion,  to 
suit  the  taste  of  the  public  at  large.  I  have 
endeavoured  to  render  it  as  elementary  as 
possible,  without  departing  fix>m  the  accuracy 
of  science.  No  previous  instruction  is  re- 
quired, except  an  acquaintance  with  the  sim* 
plest  rudim^its  of  Geometry  imd  Algebra ; 
but  I  would  earnestly  r^Dommend  the  study 
of  Geometrical  Analysis  to  all  those  who 
aspire  to  the  higher  attainments. 

The  present  voltime  may  be  considered  by 
itself  as  in  a  great  measure  complete  ;  and 


IV  ADVERTISEMENT, 

two  more  will  conclude  my  plan.  I  intend 
to  annex  copious  illustrations^  containing  the 
more  difficult  demonstrations^  historical  no- 
tices and  references  to  authors,  with  a  cor- 
rect set  of  the  most  useful  tables.  But  I 
must  defer  all  these  additions  till  the  next 
volume  shall  appear. 


I  have  in  this  Edition  carefully  revised  the 
whole,  made  several  important  additions,  and 
given  a  copious  table  of  contents. 

I  had  designed  the  Second  Volume  of  this 
Work  to  appear  at  the  same  time ;  but  have 
since  thought  it  better  to  wait  for  the  results 
of  a  series  of  experiments  projected  on  the 
Constitution  and  Power  of  Steam.  I  trust, 
however,  in  being  enabled  very  soon  to  dis- 
charge my  promise  to  tlie  public 


COATBS,  FiFESHIRE 

28th  October  1828, 
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Our  curiosity  is  first  awakened  by  the  changes  in- 
cessantly passing  around  us.  But  experience  soon 
testifies  the  constancy  and  regularity  of  this  varied 
q^ectacle.  The  vast  movements  of  the  Universe  are 
found  all  to  consist  in  the  repetition  of  similar  events. 
It  may  for  ever  elude  the  power  of  human  ingenuity, 
to  discover  the  more  secret  springs  which  connect  the 
links  of  the  extended  indissoluble  chain.  Yet,  since 
the  most  complex  phaenomenon  is  always  the  result 
of  a  very  few  principles,  the  objects  of  Science  are  at- 
tained by  distinguishing  and  classing  those  elemen- 
tary jfaets.  Men  will  seldom  rest  satisfied,  however, 
with  such  moderate  advances  ;  and  have  often,  in 
their  hasty  and  rash  attempts  to  penetrate  the  arcana 
of  Nature,  sufiered  severe  disappointQient.   The  pro- 
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per  business  of  philosophical  inquiry,  is  to  study  care- 
fully the  appearances  that  successively  emerge,  and 
trace  their  mutual  relations. 

All  our  knowledge  of  external  objects  being  de- 
rived through  the  medium  of  the  senses,  there  are 
only  two  ways  of  investigating  physical  facts,— by 
ObfervoHan  or  EaperimeNt*  Observation  is  con- 
fined to  the  close  investigation  and  attentive  exami- 
nation of  the  phenomena  which  arise  in  the  course 
of  Nature ;  but  Experiment  consists  in  a  sort  of  ar- 
tificial selection  and  combination  of  circumstances9 
fi)r  the  puipose  of  searching  minutely  after  the  dif- 
ferent results. 

The  lai^  of  Observation  is  limited  by  the  po<- 
sition  of  the  spectator,  who  can  seldom  expect  to 
follow  Nature  through  her  winding  and  intricate 
paths.  Those  observations  are  of  the  most  value 
wl)ioh  include  the  relations  of  time  and  space,  and 
derive  greater  nicety  from  their  comprising  a  multi- 
plied recurrence  of  the  same  events.  Henoe  Astro- 
nomy has  attained  much  higher  degree  of  perfec- 
tion than  the  other  physical  sciences. 
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Experiment  is  a  more  efficient  mean  than  Ob* 
seryi^ioD,  for  exploring  the  secrets  of  Nature.  It 
requires  no  constant  fatigue  of  watching,  but  comes 
in  8  great  measure  under  the  control  ol  the  inquirer* 
who  may  often  at  will  either  hasten  or  dehty  the  ex- 
pected event.  Though  the  peculiar  boast  of  modem 
tmefi,  yet  the  method  of  proceeding  by  Experiment 
was  not  wholly  miknown  to  the  ancients,  who  seem 
to  haye  concealed  their  notions  of  it  under  the  veil 
of  allegory.  Proteus  *  signified  the  mutable  and 
changing  forms  of  material  objects ;  and  the  inquisi- 
tive philosopher  was  counselled  by  the  Poets  to  watch 
that  slippery  Daemon  when  shunbering  on  the  shore, 
to  bind  him  and  compel  the  reluctant  captive  to  re- 
veal his  secrets.  This  gives  a  lively  picture  of  the 
cautious  but  intrepid  advances  q£  t^e  skilful  experi* 
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Aoyit  namqne  onniA  Tatee,. 


Que  mXf  qam  faerint,  qqae  ncoi  Tentura  trahantur. 

Hie  tibi,  nate,  prins  yinclis  o^^iundus,  ut  omnem 
PfirpMiiint.  norbi  cansam  erentnaqne  secundeL 
Nam  vine  vi  non  uOa  dabit  pnecepta,  neqme  ilium 
Orando  fiectes :  vim  duram  et  vincula  capto 
Tende ;  doli  circmn  htec  demnin  frangentur  immes. 
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menter.  He  tries  to  confine  the  working  of  Nature 
-^he  endeavours  to  distinguish  the  several  principles 
of  action—he  sedcs  to  concentrate  the  predommant 
agent>-— and  labours  to  exclude  as  much  as  possible 
every  disturbing  influence.  By  all  these  united  pre- 
cautions, a  conclusion  is  obtained  nearly  unmixed 
and  not  confused,  as  in  the  ordinary  train  of  cir- 
cumstances, by  a  variety  of  intermingled  efiects.  The 
operation  of  each  distinct  cause  is  hence  severally  de- 
veloped. 

The  main  object,  therefore,  in  all  physical  inquiries, 
is,  by  an  Analytical  Process,  to  separate  the  various 
effects  which  Nature  has  blended  together.  The 
history  of  Astronomy,  from  the  earliest  times,  affords 
the  finest  examples  of  such  successful  induction. 
The  true  Philosopher  labours  to  reduce  the  number 
of  principles  or  ultimate  facts.  In  proportion  as  his 
views  expand,  he  will  find  the  relations  so  disclosed, 
converging  invariably  to  a  common  centre.  But  he 
should  avoid  indulging  to  excess  the  taste  for  sim- 
plification. In  remounting  to  the  source  of  all  power, 
it  is  evident  that  he  must  at  last  reach  some  impassa- 
ble limit.    Prudence  will  direct  him  when  he  ought 
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to  stop,  or  await  the  4i8COvery  of  some  new  instru- 
ment, to  assist  his  ulterior  inquiries. 

Evert  extension  of  the  powers  of  calculation, 
every  addition  to  our  stock  of  philosophical  appara- 
tus, every  improvement  in  the  mode  of  their  con- 
struction,—is  a  prelnde  to  die  farther  advances  of 
physical  sdeiice.  £ven  dight  alterations  in  the 
practice  of  the  arts  have  sometimes  led  to  the  most 
important  theoretical  conclusions^  Several  disco- 
veries in '  science  U'e  sometimes  invidiously  referred 
to  mere  fortuitous  incidents.  But  the  mixture  of 
chance  in  this  pursuit  should  not  detract  from  the 
real  merit  of  the  invention.  Such  occurrences 
would  pass  unheeded  by  the  bulk  of  men  ;  and  it  is 
the  eye  of  genius  alone  that  can  seize  every  casual 
glimpse,  and  des(sry  the  chdn  of  consequences. 
Bodies  had  in  all  ages  been  viewed  with  indifference 
falling  to  the  ground ;  yet  the  accidental  sight  of  an 
apple,  as  it  .dropped  from  the  tree,  was  sufficient  to 
awaken,  in  a  pensive  mood,  that  lofty  train. of  reflec- 
tions, which  conducted  Newton  to  the  system  of 
Universal  Attraction. 
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After  new  fiicts  have  been  disciased,  either  by 
strict  observation,  or  delioate  and  careful  experiment, 
the  process  of  Synthetical  Deduction  should  com- 
mence. But  to  pursue  a  train  of  emicIusioDfi  wc- 
cessiully,  requires  the  exercifle  of  sound  judgment, 
and  the  application  of  vigorous  and  instructed  intel- 
lect, tinder  the  guidance  of  a  sober  and  cautious  logic. 
The  most  important  instrument  in  forwarding  this 
operation  is  Geometry,  to  which,  indeed,  we  are  in- 
debted for  whatever  is  most  valuable  in  Natural  Phi- 
losophy. By  this  powerful  aid  the  nobler  branches 
of  science  have  in  modem  times  been  carried  to  a 
sublime  elevation* 

But  the  most  rigorous  application  of  Mathemati- 
cal reasoning  will  not  always  succeed  in  unveiling  the 
secrets  of  Nature.  The  philosophical  inquirer  must 
often  content  himself  at  first  with  seeking  merely  to 
approximate  the  truth.  Analogy,  in  such  cases,  may 
serve  as  a  tolerable  guide  to  assist  hia  steps.  Some 
gifted  individuals  advance,  indeed,  with  a  sagacity 
which  seldom  fails.  They  shape  their  path  according 
as  the  light  successively  breaks  in  ;  and  here  again 

m 

Geometry  lends  its  penetrating  aid. 
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Nor  should  Hypotheses  themselves,  however 
liable  to  abuse,  be  excluded  absolutely  from  Natural 
Philosophy.  They  ivill  often  suggest  new  modes  of 
research,  and  itt  this  way  produce  beneficial  effects. 
They  may  always  serve  as  preludes  of  inquiry ;  but 
they  are  generally  too  fallacious  and  enticing,  to  be 
dilowed  wi^  safety  to  gain  any  durable  possession  of 
the  mind. 

The  gift  of  a  lively  fancy  is  an  important  requi- 
site to  every  physical  observer.  This  faculty  has 
acc<Mrdingly  i^peared  conspicuous  in  all  the  great 
discoverers.  Tlie  imagination  of  the  Philosopher 
differs  from  that  of  the  Poet,  only  because  it  caUs 
forth  less  vivid  images ;  but  it  is  equally  creative, 
and  equally  sentient  to  the  flitting  scenes  of  Nature. 
It  supplies  the  inquirer  with  fresh  expedients,  en- 
ables, him  to  multiply  the  points  of  attack,  and  sheds 
lustre  over  the  scenes  which  he  contemplates.  But 
imagination  requires  to  be  restrained,  by  the  exer- 
cise of  a  sound  judgment.  The  Philosopher  pushes 
his  researches  with  U'dour,  yet  is  cautious  and  de* 
liberate  in  drawing  his  conclusions.  His  attention 
is  arrested  by  the  appearance  of  anomalous  facts. 
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While  he  doubts  and  pauses,  he  derives  courage, 
amidst  all  his  perplexity,  from  the  near  prospect  of 
starting  some  new  principle.  The  detection  of  a 
single  error  is  a  sure  step  to  actual  discovery. 

Such  is  the  only  successful  mode  of  interrogating 
Nature.  But  Philosophers,  in  all  ages,  have  betray- 
ed extreme  impatience,  in  submitting  to  a  plan  of 
investigation,  apparently  so  timid,  slow,  and  labori- 
ous. It  was  more  agreeable  to  human  indolence 
and  presumption,  at  once  to  frame  hypotheses  which 
might,  in  imagination  at  least,  connect  the  mass  of 
preconceived  opinions.  But  such  rash  attempts  lull- 
ed curiosity  asleep,  and  fatally  arrested  the  progress 
of  genuine  science.  Hence  that  glimmering  twi- 
light which  so  long  overspread  the  world. 

Science  first  dawned  in  the  genial  climes  of  the 
East  i  but  its  warming  rays  were  soon  absorbed  in 
the  cheerless  fog  of  despotism.  The  body  of  know- 
ledge which  had  been  created  by  the  effi)rts  of  un- 
fettered genius,  became  the  exclusive  property  of  the 
order  of  priesthood,  who  rendered  it  an  eogine  of 
power,  subservient  to  the  purposes  of  a  gloomy  and 
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debaaing  superstition.     The  discoveries  of  happier 
times  were  entombed  in  silence  and  darkness. 

A   MORE   auspicious  morning  at  length  arose. 
Greece^  though  but  a  spot  on  the  surface  of  our 
globe,  hegjxa  her  career  of  glory,  and  gave  early  to- 
kens of  those  eternal  ben^ts  she  was  destined  to  con- 
fer  on  the  human  race.     Her  sages  gleaned  instruc- 
tion by  visiting  foreign  lands,  and  the  seats  of  an- 
cient renown.     They  gathered  the  dying  embers  of 
science,  and  rekindled  them  by  the  breath  of  their 
genius.     But,  quickly  emerging  from  a  state  of  pu- 
pillage, they  displayed  the  riches  of  a  lively  fancy, 
and  all  the  resources  of  a  fertile  invention. 

Thales,  the  founder  of  the  Ionic  Sect,  having 
spent  a  large  patrimony  and  many  years  of  his  life 
in  foreign  travel,  transplanted  into  Greece  the 
Science  of  the  Egyptian  Priests.  His  successors, 
Anaximander  and  Anaximanes,  taught,  with  a 
fe^  modifications,  the  same  doctrines*  Their  know- 
ledge  appears  to  have  been  superficial,  yet  was 
it  not  Hke  less  aspiring.  They  indulged  in  cosmolo- 
gical  systems,  which  pretend  to  explain  the  origin 
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and  formation  of  all  things.  Such  bold  qpecuktions 
flattered  human  vanity,  and  charmed  the  imagination 
by  a  glittering  semblance  of  truth.  Those  early 
sages  held  every  substance  whatever  to  be  composed 
of  four  distinct  elements,  Earthy  Water,  Air  and 
Eire,  merely  combined  in  various  proportions. 
Earth  and  Water  they  viewed  as  naturally  ponde^ 
rous  and  inert,  while  they  fancied  Air  and  Fire,  en* 
dued  with  elastic  virtue,  to  possess  lightness  and  ac- 
tivity. While  the  earthy  matter  settled  towards  the 
centre  of  the  universe,  and  the  aqueous  fluid  rolled 
along  the  surface'  of  the  globe  ;  the  Air  and  Fire, 
or  uEther,  soared  aloft,  the  former  occupying  the 
whole  region  below  the  moon,  and  the  latter  stream- 
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ing  through  the  boundless  extent  of  space.  The  same 
pure  lambent  fluid,  being  collected  into  globular 
masses,  formed  the  groupes  of  stars.  But  portions 
of  this  divine  essence  de^K^nded,  to  communicate  the 
vital  sparks,  and  animate  the  subjects  below.  Such 
visions,  so  like  the  picturing  of  fantastic  dreams, 
were  yet  firmly  believed  in  former  ages ;  they  be- 
came afterwards  incorporated  with  the  vulgar  creed ; 
and  still  deeply  tincture  the  language  of  Poetry. 
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ANAXAGORASy  who  ooQtiiiued  the  Ionian  line^ 
rose  to  highar  eininence.  He  rtlinqinshed  a  i^Ien-* 
did£irtune>  and  dedicated  the  best  portbn  of  his 
hbf  to  the  parrait  of  knowiaii^  under  tfaie  Prietts 
of  Thebes  and  the  Magi  of  Bersia  i  and^  on  his  re* 
ton  to  Greeee^  he  was  induced^  £rom  the  dnad  of 
hteiga  oooiquest,  to  transfer  the  School  of  Ionia  td 
Athens.  His  doquenoe  and  learning  made  a  power- 
fbl  impreiBiBion  in  that  intelleetual  city.  But  he  drew 
upon  himself  the  odinin  of  the  illiberal^  by  broach- 
ing some  opinions  at  iwiattce  with  the  received  to* 
nets,  and  anticipating  obscurely  the  modem  disco** 
veries. 

Thb  island  of  Samoa  had  now  the  honour  of  giving 
birth  to  Ftthaooras,  the  first  sage  who  took  the 
modeet.bot  auspieioos  name  of  Philosc^her^  or 
Idmerof  Wisdam,  Nature  bestowed  on  him  her 
choicest  gifts>  and  assiduous  cultivation  heightened 
all  those  qualities  *  which  command  the  minds  of 
men.  Ptthaoobas  sacrificed  his  am|de  fortune^ 
and  devoted  the  vigour  of  his  days,  to  the  acquisition 
of  knowledge.  He  was  admitted  into  the  sacrsd 
college  of  Memphis ;  he  resided  some  time  in  Phoe- 
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nicia,  visited  Persia,  and  pursued  his  eastern  journey 
to  the  banks  of  the  Indus.  After  an  absence  of  near 
thirty  years,  he  returned  home,  fraught  with  various 
information,  and  was  viewed  with  awe  and  reverence 
by  his  assembled  countrymen  at  the  Olympic  Games. 
He  began  to  give  instructions  in  his  native  island, 
but  soon  removed  to  the  Grecian  colony  planted  at 
Tarentum  on  the  coast  of  CaUbria.  In  that  vo- 
luptuous  city,  he  collected  numerous  pupils,  and 
founded  the  powerful  Italian  Sect,  which  subsisted 
after  lus  death  during  the  course  of  several  centu- 
ries. 

Not  to  shock  the  prejudices  of  his  countrymen, 
Pythagoras  judged  it  prudent  to  separate  the  doc- 
trines he  taught  into  two  distinct  sorts— the  Exoteric 
and  the  JEsaleric.  The  former  consisted  in  discour- 
ses addressed  to  the  people  in  the  temples  and  other 
places  of  public  resort,  and  calculated  to  reform  their 
habits  and  dispositions ;  the  latter  comprised  those 
recondite  principles  communicated  only  to  the  very 
few  disciples  who,  after  a  very  long  and  severe  pro- 
bation, were  esteemed  fit  and  safe  depositaries  of 
such  momentous  truths,     ^e  strenuously  urged  the 
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«tudy  of  Mathematici^y  especiaUy  those  ports  which 
are  concerned  about  number  and  proportion.  His 
imagination  being  full  of  numerical  relations,  he 
founded  the  theory  of  Music,  which  he  cultivated 
both  as  an  art  and  a  science.  But  he  transferred 
his  ideas  of  music  to  the  harmony  of  the  celestial 
motions.  Rising  to  the  sublime  conception  of  the 
true  system  of  the  tlniverse,  he  seems  to  have  veiled 
that  noble  discovery  in  a  fine  allegory.  Under  the 
symbol  of  Apollo  playing  on  the  lyre,  he  taught 
his  chosen  disciples,  that  all  the  planets,  including 
our  Earth,  are  inhabited  worlds,  which  revolve 
about  the  Sun  as  their  common  centre  j  and  he 
farther  maintained,  that  those  bodies,  while  they 
circle  round  the  great  luminary,  perform  a  most 
harmonious  concert,  though  such  ravishing  and 
heavenly  sounds  are  lost  to  our  gross  ears,  and 
drowned  amidst  the  jarring  noise  which  prevails 
here  below. 

The  most  distinguished  of  the  successors  of 
Ptthagoras  was  Empedocles,  bom  at  Agrigentum 
in  Sicily.  He  coneeiTed  all  bodies  to  consist  of  in- 
finitely small  corpuscles  in  a  state  of  perpetual  mo* 
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tion,  held  together  by  the  inherent  force  of  matter^ 
yet  kept  sqiarate  by  the  antagcmism  of  its  action. 
He  thus  made  an  inportaat  step  in  physical  science^ 
by  iiKbroducing  the  play  of  two  opposite  principles, 
termed  in  his  figurative  Imgasge  friendship  aad 
str^s  very  similar  to  the  forces  of  attraction  and 
repiibion«  which  perform  such  important  service  in 
the  philosophy  of  modem  times. 

Xenophanes  tmnsplanted  most  of  the  tenets  of 
the  Fythag<»'eans  into  the  small  sect  which  he  fbund- 
ed  at  the  town  of  £lea  in  Camp'aniai.  He  has  the 
merit  of  being  the  first  to  advauce  the  impoi!ta&l; 
principle  in  Geology»  that  the  exterior  crust  of  our 
globe  was  once  i^  a  fluid  stat^  and  thot  the  lossil 
shells  and  other  marine  exuvi»  discovered  in  the 
bowels  of  the  earthy  asd  on  the  tops  of  the  highest 
mountains,  had,  at  some  remote  period,  been  fomi'- 
ed  under  the  waters  of  the  ocean. 

LsuciPFVS,  who  sprung  fix>m  that  si^ool,.  assert- 
ed not  only  the  doctrine  of  atoms,  but  maiatMned 
the  eKistenoe  of  a  s^p$rate  pkmmh  wd  aoi^eipated 
tlK  influenoe  of  centrifugal  farce>    These  doctrines 
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weie  extended  and  improyed  by  hia  diacijie  Demo* 
CSITV9,  who  flourkhed  during  the  time  of  the  Felo^ 
ponnesian  war,  and  may  be  considered  ^  om  of  tiu^ 
first  geniuses  that  Greece,  so  rich  in  talent,  ever 
produced*  To  porocure  the  higher  degrees  of  know- 
ledge, he  visited  £«ypt,  conversed  with  the  Magi  of 
Babyloii,  aad  appears  to  have  pursued  his  journey 
eastwards  as  far  as  the  Ganges.  The  e^^noe  in- 
ounred  in  these  distant  travels  consumed  the  whole 
of  his  patrimonial  inheritance^  and  Dsmocutus»  on 
his  retaini,  was  content  to  occupy  a  smaV  garden 
near  Abdbra,  where  he  passed  a  prolonged  Ii&  of 
parsimony  and  seclusion,  wholly  intent  on  maUng 
eipeiimentoi  aiid  investigating  the  operations  of 
Nature.  He  rectified  many  of  the  prevailing  errors 
in  physios ;  proved  the  existence  of  a  plenum  to  be 
incompatible  with  local  motion ;  r^ected  the  notion 
of  kv^p  that  wias  attributed  to  the  elements  of  Air 
and  .Fire  i  maintained  tib^  the  weight  of  bodies  is 
abmys  proporticmal.  to  their  mass  or  quantity  of  mat* 
ter,  and  that  they  would  hence  fall  in  vacuo  with 
equal  celerities ;  and  he  likewise  entertained  tolera- 
bly cofrect  geneml  views,  concpndng  the  juropejrties 
of  Heat  and  Light.    Tkm  tenojts  ar#,  exppuqde^  i^ 
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the  elegant  poem  of  Lucretius,  who  gratefully  and 
fervently  styles  his  master  in  philosophy,  pater  et  re- 
rum  inventor. 

Philosophical  sec&  had  multiplied  over  Greece. 
when  Socrates  arose,  to  give  a  more  useful  impul* 
sion  to  the  human  mind.  Disgusted  wiUi  the  miser- 
able sophisms  and  illosory  dreams  of  pretenders  in 
science,  he  justly  thought  the  first  step  towards  real 
knowledge  was  to  discover  the  extent  of  our  igno* 
ranee.  His  aim  was  not  so  much  the  elaborate 
education  of  a  few  individuals,  as  the  diffiision  of 
solid  instruction  among  the  body  of  Athenian  youth* 
Averse  from  idle  speculations,  he  recommended  that 
kind  of  philosophy  alone  which  is  grounded  on  fact 
and  experiment.  He  was  accustomed  to  pour  un- 
measured contempt  on  every  species  of  hypocrisy 
and  pretension.  But  his  intrepid  conduct  and  high 
celebrity  created  a  host  of  secret  enemies,  and  the 
venerable  sage  at  last  fell  a  martyr  to  the  cause  of 
truth  and  virtue.. 

Plato,  the  most  illustrious  of  all  the  disciples  of 
SocRAT£S,  after  the  murder  of  his  revered  maMer^ 
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withdrew  from  the  polluted  city,  and  visited  the  seat 
of  the  Pythagoreans  at  Tarentum,  where  he  was  ini- 
tiated in  the  whole  arcana  of  the  Italic  School.  He 
next  placed  himself  under  the  tuition  of  Theodo- 
Rus»  an  eminent  mathematician  of  Cyrene  in  Lyjbia. 
Widi  a  mind  thus  prepared,  he  travelled  in  disguise 
over  the  whole  of  Egypt,  carefully  examining  every 
object,  and  gleaning  all  the  information  he  could 
reach*  Being  prevented  by  war  from  proceeding 
iarther,  he  returned  home,  and  purchased  the  Grove 
of  Aeademus,  in  the  immediate  vicinity  of  Athens ; 
in  which  sequestered  spot,  he  delivered,  under  the 
shade  of  spreading  oriental  planes,  his  eloquent  and 
impressive  lessons,  to  youths  of  the  first  distinction, 
who  flocked  from  all  parts,  attracted  by  the  fame  of 
his  rablime  genius. 

The  philosophy  of  Plato  was  deeply  imbued  with 
the  mysticism  of  the  Italic  School.  Yet  to  him  we 
are  deeply  indebted  for  the  beautiful  method  of 
Geometrical  Analysis,  which  furnished  so  powerful 
an  inatrument  to  direct  the  process  of  investigation. 
Thia  invention,  in  the  hands  of  his  successors  in  the 
Academy,  was  continually  extending  the  boundaries 
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of  Science*  It  led  immediately  to  the  discoTery  of 
the  Conic  Sections^  which,  though  cultiTated  for 
ages  merely  as  a  fine  speculation,  suggested  at  last  to 
Galilbo  the  laws  of  motion,  and  aided  Keflse  m 
his  search  after  the  true  orbits  of  the  planets.  Un- 
fortunately, the  soaring  disposition  of  the  Academics 
spumed  the  study  of  miaterial  objects,  and  was  apt 
to  exhale  in  airy  sublimation. 

Aristotle,  whose  authority  so  long  maintained 
the  most  despotic  sway  in  the  learned  world,  was 
bom  at  Stagira,  on  the  confines  of  Thrace  and  Ma^ 
cedon,  385  years  before  the  Christian  sera.  He 
studied  twenty  years  under  the  direction  of  FlatOs 
on  whose  death  he  retired  to  Mysia  and  Mytelene, 
till  he  was  summoned  by  Philip  of  Maoedon,  to 
superintend  the  education  of  the  young  «Prince. 
When  Alexander  marched  against  Persia,  his  pre- 
ceptor went  to  Athens,  and  opened  the  Peripatetic 
School  at  a  place  called  the  Lyceum.  But  Aristo* 
TL£  kept  a  r^ular  corre^ndence  with  the  Mace- 
donian hero,  who  gave  the  most  liberal  encourage- 
ment to  his  projected  work  on  the  History  of  i^ni- 
mals.     The  philosopher  continued  only  twelve 
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more  at  Atliens,  and  iippi^heiiding  the  tempest  of  a 
penteutioD,  prudently  retired  to  Chalcis,  where  he 
apmt  the  last  two  years  of  his  life. 

The  very  numerous  writings  of  Abistotle  were 
mSkiP&i  to  xot  in  a  damp  cellar,  for  an  hundred 
years  after  his  death,  and  seem  never  to  have  been 
much  esteemed  by  the  Greek  and  Roman  authors. 
No  philoacqpher,  either  in  ancient  or  modem  times, 
haa  taken  such  a  wide  range  of  disquisition ;  and 
yet  hia  universal  genius  was  marked  by  soundness 
of  judgment,  precision  of  thought,  and  singular  ^ 
cttteness,  bordering  occasionally  in  subtlety.  Though 
ambitious  to  maintain  the  character  of  an  original 
thinker,  he  endeavoured  to  ground  all  his  philosophy 
on  the  close  observation  of  facts.  Restraining  the 
flif^  of  imagination,  he  confined  his  researches  to 
the  circumstances  of  real  life,  and  the  actual  consti- 
tution of  the  universe.  His  conclusions  were  there- 
fwe  <^most  value,  whenever  he  could  obtain  accu* 
rate  iolbrmation,  on  which  to  exercise  his  pmetra^ 
ting  sagacity.  The  Naturfd  History  of  Abistotle 
must  be  deemed  a  wonderful  production,  foic  the 
time  in  which  it  was  composed.     He  was  the  found- 
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er  of  Comparative  Anatomy;    and  according  to 
CuviER,   a  most  competent  judge,   the  divisimiB 
which  he  adopted  are  still  the  best  that  could  be 
made.     He  was  the  first  who  distmguished  nerves 
from  tendons ;  he  noticed  the  auditory  and  optic 
nerves  of  the  mole ;   he  traced  the   optic  and  ol- 
factory nerves  in  fishes ;  and  described  with  great 
accuracy  the  process  of  the  incubation  of  eggs,  and 
the  developement  of  the  chick.     His  Meteorology 
sparkles  with  fine  remarks   and  just  conclusions; 
and  even  his  Physics,  and  the  book  De  Ccelo^  con- 
tain, amidst  much  idle  and  extravagant  speculation, 
some  interesting  doctrines,  which  might  deserve  to 
be  separated  and  abridged.    His  peculiar  tenets  like- 
wise deserve  notice,  merely  for  their  influence  in  the 
History  of  Philosophy.     We  regret  that  Aristotle 
should  have  suflfered  his  balanced  mind  to  be  drawn 
aside,  by  the  love  of  subtlety  and  the  illusion  of  ge- 
neral hypothesis,  from  the  strict  investigation  of 
facts.     If  the  Peripatetics  had  cultivated  Geometri- 
cal Analysis  with  the  same  ardour  as  the  followers 
of  Plato,  they  would  infallibly  have  made  great 
and  successful  pr<^ess  in  Natural  Philosophy. 
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An  event  now  took  place,  which  mightily  contri- 
boted  to  the  permanent  extension  of  Mathematical 
Science  in  all  its  branches*  After  the  premature 
death  of  Alexander,  his  conquests  had  been  shared 
among  the  companions  of  his  arms.  Egypt  fell  by 
lot  to  Ptolemy,  who,  selecting  for  his  residence  the 
city  of  Alexandria,  occupied  by  a  Grecian  colony, 
embellished  it,  and  rendered  it  a  distinguished  seat 
of  learning.  A  magnificent  edifice  was  erected, 
styled  the  Museum^  in  which  men  of  science,  invi- 
ted from  all  countries,  were  liberally  entertained  at 
the  public  expense,  and  provided  with  books  and  in- 
struments for  the  prosecution  of  their  studies.  It 
was  farther  aggrandized  by  the  munificence  of  his 
successors,  who  founded  a  vast  library,  and  raised  a 
qpacious  and  well-furnished  observatory.  This  royal 
establishment  survived  all  the  changes  of  fortune 
during  nine  hundred  years,  and  conferred  incalcula* 
ble  benefits  on  the  human  race.  A  succession  of 
the  ablest  mathematicians  shed  lustre  on  the  first 
three  centuries  of  the  Alexandrian  School.  Euclid 
digested  the  Elements  of  Geometry  into  a  System, 
excellent  at  that  period,  though  certainly  not  adapted 
to  the  present  state  of  the  Science.    Apollonius 
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extended  the  Conic  Sections,  and  improred  Geome- 
trical AnalyiSis,  in  which  he  was  likewise  followed  by 
Pappus,  and  by  Diocles  and  Nicomsdes,  who 
invented^some  of  the  higher  curves.  Diophantus 
Implied  a  similar  investigation  to  arithmetical  pro- 
blems, and  the  few  symbols  he  used  may  be  consi- 
dered as  anticipations  of  that  perfect  system  of  cha- 
racters, or  pictured  language,  which  modem  Alge- 
bra exhibits. 

Meanwhile  our  knowledge  of  the  surface  of  the 
globe  was  extended  by  the  adventures  of  a  bolder 
navigation.  The  Indian  Sea  had  been  explored  by 
the  small  squadron  of  Nearchus,  who  attended  the 
expedition  of  Alexander  into  the  East.  But  the 
republic  of  Marseilles,  a  Grecian  colony  settled  in 
the  south  of  France,  had  the  merit  of  fitting  out  the 
first  voyage  of  discovery,  Euthtmenes  sailed  to- 
wards the  equator,  while  Pvthias,  an  able  astrono- 
mer, shaped  his  course  towards  the  north,  entered 
the  Baltic,  discovered  Thuld,  and  remarked  the  fea- 
tures of  the  circumpolar  climate.  He  noticed  the 
phenomena  of  tides,  which  are  unknown  along  the 
shores  of  the  Mediterranean  ;  and  on  his  return,  he 
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tnade  an  accurate  observatic^  of  the  obliquity  of  the 
jc,  which  was  then  SS""  48',  conformable  to  the 
dedndaom  oS  profound  theory. 

StciLT  had  the  honour  of  giving  birth  to  the  most 
inventive  genius  of  all  antiquity.  Archihedss 
showed  from  infimcy  a  passion  for  science,  and 
having  received  what  instruction  his  native  city  of 
Syracuse  could  aflford,  he  visited  Alexandria,  and 
other  seminaries  abroad.  After  his  return,  he  de- 
voted himself  entirely  to  die  charms  of  abstract  stu- 
dy, and  pursued  his  deep  researches  with  the  most 
ardent  and  intense  application.  He  gave  unlimited 
extent  to  the  notation  (^numbers,  and  founded  the 
method  <^  indivisibles,  which  led  him  to  the  finest 
diBCOvaries  in  Geometry.  He  assigned  the  quadra- 
ture of  the  parabola,  approximated  to  that  of  the 
circle,  and  disclosed  the  fine  relations  which  subsist 
between  the  cylinder  and  its  inscribed  cone  and 
sphere*  But  Archimsdes  deserves  to  be  regarded  as 
the  fint  who  really  studied  Natural  Philosophy  in  the 
right  way.  His  advances  were  splendid  and  trium- 
phant*  He  detected  the  fundamental  principles  of 
Mechanics  and  Hydrostatics,  and  illumined  those 
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branches  of  science  by  the  torch  of  Geometry.  He 
pointed  out  the  centre  of  gravity,  and  detennined 
its  position  in  a  variety  of  figures ;  and  he  unfolded 
the  properties  of  floating  bodies,  and  thus  traced  the 
rudiments  of  naval  architecture.  He  likewise  re- 
duced those  principles  into  practice^  and  constructed 
such  powerful  engines  as  enabled  the  valour  of  his 
countrymen  to  resist  for  three  years  the  whole 
effi>rts  of  a  Roman  squadron  and  besieging  army. 
But  perseverance  and  military  discipline  at  last  pre- 
vailed, and  one  fatal  night  was  Syracuse  involved  in 
the  horrors  of  assault.  Amidst  the  general  confui- 
sion  and  carnage,  an  infuriated  soldier  entered  the 
apartment  of  Archimedes,  and,  r^ardless  of  his 
calm  occupation,  massacred  him  on  the  spot,  in  the 
75th  year  of  the  Philosopher's  age,  and  212  before 
Christ. 

« 

Geometrical  science  had  now  acquired  some 
form  and  consistency,  and  astronomy  was  extending 
its  domains.  Aristarchus  of  Samos  devised  an 
ingenious  method  of  estimating  the  relative  distances 
of  the  sun  and  moon  ;  and  though^  with  his  imper- 
fect instruments,  he  could  obtain  only  vague  results. 
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yet  were  they  sufficient  to  expand  immensely  our 
conceptions  of  the  solar  system.     Erastothemss 
observed,  with  precision,  the  obliquity  of  the  eclip- 
tic, and  determined  the  circumference  of  the  earth, 
by  measuring  the  intercepted  arc  of  the  meridian 
between  Alexandria  and  Syene  in  Vfiper  Egypt. 
But  HippARCHUS  was  a  genius  of  much  high^  or- 
den     He  found  the  exact  length  of  the  year,  ascer- 
tained the  distance  of  the  moon,  and  approxhnated 
to  that  of  the  sun ;  he  distinguished  the  unequal  in- 
tervals between  the  equinoxes,  and  traced  the  pre- 
cession of  those  points.   This  £ne  discovery  suggest- 
ed to  him  the  scheme  of  ascertaining  and  registering 
the  positions  of  the  principal  fixed  stars.    But  he 
transferred  the  same  method  to  terrestrial  observe* 
tions,  and  was  the  first  who  defined  the  places  on 
our  globe  by  their  latitude  and  longitude.     Without 
rejecting  the  inveterate  axiom  of  antiquity,  that  an 
uniform  and  circular  motion  was  alone  befitting 
celestial  bodies,  he  sought  to  explain  the  apparent 
inequalities  by  the  ingenious  hypotheses  of  ^oom* 
tries  and  Mpicydesj  which,  being  multiplied  in  the 
sequd,  fatally  overloaded  astronomical  science. 
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Ptolcmt,  who  resided  at  Alexandria  after  Egypt 
bad  become  a  Roman  province,  under  the  Emperon 
Adrian  and  Abttoninus,  was  one  of  the  best  and 
most  indefatigable  observers  that  ever  lived.  Less 
original  than  Hipparchus^  he  laboured  with  equal 
seal  to  promote  astronomy.  He  not  only  ia^rofod 
every  part  of  die  science,  but  digested  the  multi&- 
rious  data  into  one  great  system.  He  diecoversd 
the  lunar  evection,  and  celestial  refraction.  He  like- 
wise composed  a  general  treatise  of  Geography,  and 
iqiplied  the  theory  of  Projections,  which  he  had  in* 
vented,  to  the  construction  of  maps.  The  study  of 
spherical  trigonometry  was  begun  by  Hipparchus, 
extended  by  Theodosius  and  Msnelaus,  but  re« 
dueed  to  a  practical  form  by  Ptolemy. 

Other  philosophers  of  the  Alexandrian  School 
ai^Ued  themselves  to  Mechanics.  Ctesebius  im- 
proved the  clepsydra,  invented  the  pump»  and  con* 
structed  an  engine  for  discharging  arrows  by  die 
force  of  condensed  air.  Hero  not  only  formed  the 
crane,  but  contrived  machines  which  acted  from  the 
variable  elasticity  of  air,  as  a£fected  by  the  alternation 
of  heat  and  cold  ;  a  principle  which  in  after  times  led 
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Galilbo  and  Sakctorio  to  the  conatraction  of  our 
Thermometers. 


But  the  genius  of  Ghreece,  which  htd  been  eii 
ing  under  oppreflaion,  at  length  eYaporated  in  pole* 

mieal  djaputes.    The  Romana  were  now  maatera  of 

the  world ;  aond  perhapa  no  people  deaerved  leaa  the 

fiivour  of  fortune  or  the  gratitude  of  poaterity*    In 

the  whole  range  of  their  exiatenoe»  they  never  made 

a  single  step  towards  the  advancement  of  science* 

All  the  knowledge  attained  by  them  in  arts  or  phi* 

losophy,   had  been  derived  immediately  from  the 

Greeks*      Their  education  was  entirdy  practical, 

and  calculated  only  to  form  Orators^  statesmen  and 

warriors. 

Ahothsb  race,  of  men  became  lords  of  the  as- 
omdenL  The  Arabians^  impelled  by  the  enthu- 
fliaam  of  a  new  religion,  spread  the  terror  of  their 
arms  in  all  directions.  They  subdued  Egypt,  Sy- 
ria, and  Persia,  and  compressed  the  limits  of  the 
Eastern  Empire.  In  the  West,  they  occupied  Spain, 
and  penetrating  into  the  heart  of  France,  they  threat- 
ened to  extinguish  the  Christian  name.   .But  the 
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fervour  of  their  zeal  soon  abated,  and  their  schemeil 
of  ambition  were  at  length  absorbed  in  the  arts  of 
peace.  The  Arabians  grew  passionately  attach- 
ed to  the  science  of  the  Greeks.  They  carefully 
collected  all  the  philosophical  writings  of  that  won^- 
derful  people,  and  caused  them  to  be  translated  into 
their  own  language.  A  succession  of  enlightened 
princes  encouraged  those  efforts  with  unbounded 
munificence.  The  Caliphs  stored  their  palaces  with 
public  libraries,  and  adorned  them  with  splendid 
observatories. 

The  Arabians  cultivated  more  especially  Greome^- 
try  and  Astronomy  ;  but  they  likewise  studied  Bo* 
tany  and  Chemistry.  Less  prone  than  the  Greeks 
to  speculation,  they  directed  their  chief  efforts  to 
practical  science.  They  soon  became  most  skilful 
calculators,  and  accurate  observers.  They  substitu-* 
ted  the  Sines  instead  of  Chords  in  trigonometry,* 
and  farther  improved  this  important  branch  of  science 
by  the  introduction  of  TanffentSj  which,  in  allusion 
to  the  art  of  Dialling,  they  termed  Shadows.  But 
the  greatest  benefit  which  the  Arabians  rendered  to 
mankind,  was  the  communication  of  the  decimal  no* 
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jtation  of  numbers.  With  this  beautiful,  though  very 
simple  contriyance,  which  they  styled  Indian^  though 
it  be  still  unknown  or  unpractised  in  any  part  of 
lower  India»  they  seem  not  to  have  become  acquaint- 
ed before  the  end  of  the  tenth  century  of  our  snu 
The  use  of  the  ten  digits  in  arithmetic  having  pass- 
ed over  to  the  Moorish  kingdom  of  Spain,  was 
thence  transfused  through  the  Christian  nations  of 
Europe  about  the  beginning  of  the  fourteei^  cen- 
tury, though  it  was  not  generally  adopted  till  near 
two  hundjred  years  afterwards. 

Thouoh  the  Arabians  had  little ,  claim  to  the 
character  of  original  inyention,  they  were  assiduous 
in  coUectmg  usefiil  information  from  all  parts. 
They  practised  Brewing  and  Distillation,  arts  total- 
ly unknown  to  the  Greeks  and  Romans,  but  proba- 
bly derived  from  the  experience  of  the  Tartarian 
hordes.  They  invented  other  chemical  processes, 
and  gave  names,  which  are  still  preserved,  to  vessels 
of  certain  forms. 

MsMTAL  darkness,  during  this  period,  brooded 
over  the  fairest  regions  of  the  Christian  world. 
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The  wrecks  of  knowledge  lay  buried  in  the  00DT»it8» 
while  the  more  active  spirits  expended  all  their 
energy  in  violent  ^rts  or  savage  depredations.  Yet 
talent  was  not  extinct  in  the  middle  ages,  though  it 
^inhappily  ran  to  waste.  Superstition  eneouragod 
pilgrimages  over  Europe,  and  every  convent  (^pened 
its  hospitable  gates  indiscriminately  to  the  weary 
traveller.  Rome  Was  still  the  centre  of  the  Chris- 
tian commonwealth,  and  multitudes  resorted  fiom 
ail  parts  to  the  m^ropolitan  city.  The  refinement 
of  Italy  was,  by  this  continual  intercourse,  partially 
reflected  to  the  remotest  comers  of  Europe. 

The  Crusades,  undertaken  against  the  Sanoens 
from  the  twelfth  to  the  £Emrteenth  centuries,  though 
stimulated  by  the  wildest  fanaticism  and  the  nuid- 
dening  passion  for  military  exploits,  may  yet  be  re* 

■ 

garded  as  the  main  cause  of  the  renovation  of  the 
human  intellect.  Those  expensive  armaments,  ex- 
hausting*  the  fcHrtunes  of  the  haughty  chiefs,  contri-' 
buted  to  lighten  the  chains  of  feudal  tyranny  j  and, 
by  giving  a  wider  circulation  to  wealth,  they  gra- 
dually raised  into  considerati(m  that  middle  class  of 
men  who  constitute  the  bulwark  of  a  free  state.     Hie 
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Crusaders  themflelyes,,  during  the  suspension  of  W 
stilities^  could  not  fail,  from  their  intercourse  wilih 
the  Saracens^  who  surpassed  them  so  greatly  in  know- 
le^e  and  refinement,  to  receiye  much  important  in- 
formation both  in  arts  and  science.  To  this  origin 
namy  of  the  subsequent  imjwovementsi  which  advan- 
ced the  progress  of  society  in  £uropef  may  be  dis- 
tinctly traced. 

But  native  genius  was  not  inactive  during  the 
middle  ages.  S<nne  of  the  most  valuable  arts  arose 
in  that  ben%hted  period*  The  curious  process  of 
conveiting  cotton  into  paper  was  invented  about  the 
beginning  of  the  eleventh  century.  Three  osntu^ 
ries  afterwards,  linen  rags  were  manufiietured  into 
8  still  better  material,  which,  serving  as  a  cheap  and 
convenient  substitute  foor  parchment  or  vellun^  has 
greatly  promoted  the  practice  of  writing.  The  use 
of  letters  was  about  this  time  &rther  assistedf  by  ^ 
introduction  of  Spectacles,  which  Salvtho  qegli 
Abmati  first  constructed  at  Florence  about  the  year 
1S85.  Small  spheres  of  crystal  or  glass  had  been 
employed  by  the  ancient  engravers  of  gems,  to  aid 
their  sight ;  but  the  transition  from  these  globes  to 
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mere  convex  lenses,  though  apparently  trivial ,  led  to 
the  most  important  consequences. 

Though  the  attractive  power  of  the  magnet  was 
known  to  the  Greeks,  they  remained  ignorant  of  its 
more  wonderful  property,  of  pointing  towards  the 
North.  This  directive  power  had  perhaps  been  dis- 
covered by  the  Chinese,  and  some  intimation  of  it 
seems  to  have  been  brought  by  the  Crusaders  from 
the  £ast.  The  magnet  hence  acquired  the  name 
of  loadstone  or  leadinffstanef  the  first  compass  in 
Europe  having  been  made  near  the  close  of  the  thir- 
teenth  century  at  Amalphi,  near  Genoa.  This  no- 
ble invention  give  a  prodigious  spring  to  navigation 
and  commercial  enterprise. 

The  eastern  nations  had  been  long  acquainted 
with  the  deflagrating  property  of  nitre  or  saltpetre  ; 
but  when  this  wonderful  substance  was  imported  in- 
to Europe  by  the  Crusaders,  it  was  confounded,  from 
its  external  appearance,  with  the  natron  or  soda 
brought  from  Egypt.  More  than  two  centuries 
elapsed  before  its  vast  explosiveTforce  was  observed. 
This  most  important  discovery  was  probably  made 
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by  Schwartz,  a  German  monk,  about  the  year 
1382 :  It  has  extended  the  empire  of  man  over 
Nature,  by  the  gift  of  a  new  and  tremendous  power, 
which,  though  commonly  diverted  to  the  work  of 
destruction,  has  yet  rendered  wars  less  rancorous 
and  sanguinary  than  before. 

But  a  nobler  trophy  distinguished  die  same  pe- 
riod. The  Romans  had,  for  various  purposes,  used 
metal  stamps;  the  Chinese  employed  carved  blocks 
of  wood  for  impression  $  but  the  modem  art  of  print- 
ing, by  means  of  combined  moveable  types,  was  in- 
vented about  the  middle  of  the  iSfteenth  century. 
The  ingenuity  and  perseverance  of  Guttenberg 
and  ScHO£FF£R,  encouraged  by  the  wealth  of  Faust, 
a  bui^^  of  Mentz,  have  conferred  by  far  the  great- 
est benefit  ever  bestowed  on  the  human  race.  In  the 
short  space  of  thirty  years,  this  invaluable  ait  was 
carried  to  its  highest  perfection. 


ScHOEFFER  likewise  began  the  art  of  engraving, 
and  executed  in  1491,  for  Arndes,  burgomastw  of 
Lubec,  a  series  of  the  figures  of  plants  and  animals, 
on  wooden  blocks.     This  emulation  of  genius  ac* 

VOL.  I.  d^ 
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corded  with  the  state  of  society  in  Europe.  The 
taste  for  knowledge  had  been  fast  advancing.  The 
Romish  clergy  were  anxious  to  promote  learning,,  as 
the  sure  means  of  aggrandizing  their  order.  In  all 
the  convents  and  cathedrals,  they  had  opened  schools ; 
and  part  of  the  ample  revenues  of  the  Church  was 
dedicated  to  the  gratuitous  education  of  youth. 
Other  schools  were  established  finr  communicating  the 
higher  degrees  of  instruction,  which  was  greatly  fa* 
cilitated,  by  the  adoption  of  the  Latin  language  as 
the  medium  of  intercourse  ov^r  Christendom.  These 
seminaries,  when  they  became  so  enlarged  as  to  in- 
elude  all  the  branches  of  liberal  knowledge,  were 
termed  General  Studies  ;  but  afterwards,  when 
they  had  obtained  the  sanction  of  Papal  bull^,  and 
the  protection  of  legal  privileges,  they  assumed  the 
title  of  UniversUies.  An  apprenticeship  of  seven 
years,  copied  afterwards  in  the  mechanical  trades, 
was  required  to  complete  the  course  of  education, 
consisting  of  the  Trivium,  followed  by  the  Qua- 
driuium.  The  tenets  of  Aristotle  were  expound- 
ed with  indefatigable  diligence  ;  but  those  opinions^ 
drawn  from  the  Arabic,  had  been  miserably  corrupt* 
ed  by  the  severe  process  of  a  double  transhition* 
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The  vigour  of  genius  which,  if  bettei*  directed, 

■ 

i^ottld  have  soared  to  sublime  discovery,  .was  consui- 
med  in  idle  disputations  and  unprofitable  subtletisfL 


•J 


But  a  brighter  prospect  began  to  open,  PsTRARt^H 
resorted  to  the  pure  fountains  of  ancient  learning^ 
and  his  warm  enthusiasm  and  eloquent  exhortations 
made  a  very  deep  impression  on  the  minds  of  his 
contemporaries.  The  study  of  the  Greek  lan^tiage 
was  gradually  intrdduc^ed  into  Italy  by  fche  fteqtLerit 
embassies  dispatched  from  Constantinople, /to  ibi- 
plore  the  interposition  of  the  Roman  See  against  MKhe 
formidable  encroachments  of  the  Turks.  The  muni- 
ficent patron^e  of  the  Medici  Family^  created  knd 
diffused  a  taste  for  liberal  knowledge; '  Those  princely 
merchants  q>ared  no  cost  in  collecting  the  dispersed 
manuscripts,  and  invited  sehdlars,  with  libeitel  t^fUtf; 
r]e8>  from  all  parts  of  the  Levant^  to  teaditheic  coun-^ 

i 

trymen  the  refined  language  of  ancient  Greece.   THe 

ftaal  capture  of  Onstantinople  by  the' Turks,  in  i^e 

year  1453,  occasioned  a  general  dispersion  of  the  men 

of  letters,  who  transported  to  Italy  the  perishing 

wtMks  of  Greek  philosophy.  The  new  sltt  of  printing 

happily  at  this  crisis  preserved  them  flrom  extinction. 

rf2 
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Every  thing  conspired  to  excite  a  general  fer- 
mentation. The  diligence  of  the  press  quickly  mul- 
tiplied the  monuments  of  ancient  literature  j  but  it 
required  the  labour  of  a  century,  to  digest  and  cor- 
reqt  those  precious  remains*  The  veneration  paid 
to  such  unrivalled  compositions,  repressed  for  a  time 
the  working  of  native  curiosity.  Religious  contro- 
versies too,  though  ultimately  productive  of  the  great- 
est benefits  to  society,  distracted  for  n  long  course 
of  years  the  proper  exercise  of  the  human  faculties. 
At  length  the  genius  of  invention  burst  forth  with 
renovated  powers. 

ft 

This  day-spring  of  reason  may  be  dated  from  the 
middle  of  the  sixteenth  century ;  since  which  epoch, 

« 

the  tide  of  discovery  has  flowed  in  a  rapid  and  ma- 
jestic stream.  Philosophy  and  the  arts  have  advan- 
ced together,  reflecting  mutual  lights.  Little  .iiu)re 
than  two  hundred  years  have  yet  elapsed  ;  l^utitb^ 
been  a  period  of  extreme  activity, ;  investing  our 
species  in  a  blaze  of  intellectual  glory. 


!.:    I  . 


The  age  of  science  succeeded  to  the  age  of  erudi- 
tion.   The  study  of  the  ancient  classics  had  infused 
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sofDie  portion  of  taste  aod  vigour  y  but  men  soon  be^ 

gan  to  feey  their  own  strength,  and  hastened  'to  ex-* 

ert  it.     The  bolder- dpirits,  bnrsting  the  trammeb^f 

authorify»  fioatured  to  question  inveterate  opinions, 

aad  to  explore  with  a  fearless  eye  the  wide  fidids 

of  huinan  knowledge*     Copj^rnicus  partly  restored 

••  •• 

the  true  syjtaem  of  the  world.     Purbach  and  Mul- 

LER  abbreviated  the  calculations  of  the  Astronomer, 
by  their  signal  improvements  in  Trigonometry.  The 
ftmous  painter  Leonardo  da  Vinci  led  the  way 
to  sound  philosophical  inquiry;  and  not  only  Ui^ed 
the  necessity  of  having  recourse  in  Physios  to  -  exi- 
periment,  but  directed  it  successfully  to  the  Coltt- 
position  of  Forces.  Ubaldi,  and  more  ei^eciatly 
Stevinus,  extended  the  principles  of  Mechanics  and 
Hydrostatics.  The  fine  genius  of  Oalileo  delet- 
ed and  applied  the  laws  of  motion  ;  and  lae-inventeid 
and  constructed  the  Telescope,  which  had  just  been 
found  out  in  Nwth  Holland.  This  truly  wonder- 
ful instrument  he  directed  to  the  heavens,  and  thus 
marked  the  varying  phases  of  the  planets,  and  dis- 
covered the  harmony  of  new  worlds. 

The  bold  exuberant  imagination   of  Kepler, 
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working  on.  the  regisjber  of  Ae  aceiirate  obseryat»oBs 
of  Ttcho  Bbahb,  and^employing' the  most  intense 
labdur.itt  lOomputing  add  eonaabining  them,  at  last 
drew  aaide  the  veil,  and  disclosed  to  yiew  those  eter* 
.rialjiaws  which  goTem  the  revolutions  of  the  heavens 
ly  bodies;  .  A  powerful  auxiliary  was  yet  wanting  to 
theiCalcal^»r^  and  our  great  countrynuui  Mapibjr 
rendened  himself  immortal,  by  the  sublime  diseovery 
of  Logarithms. 


*    i    /     '» 


_  • 

',  The  Alchemists,  however  extravagant  in  their 
pretensions,  had '  constsatly  promoted  experimental 
iKJ^Uce,  BAPttsxA. Porta,  not  only  collected  all 
the  I  curious  factft  he  met  with  in  his  travels,  but 
finoided  on  his  return  to  Naples  an  association  of 
individuals  for  the  purpose  of  exploring  Nature. 
Tkk  obscure  society  wjus  the  parent  Of  all  the  iosti- 
iimtions  and  abadeitiies  aflerwards  established  iu  Italy, 
for.  the  prosecution  of  physical  iiMiuiries.  The  ex- 
an(ple  quicUy  spread  ovet  Europe.  .<  { 

At  length  the  light  of  science  penetrated  into 
£ngland  ;  and  the  seventeenth  century  commenced 
with,  the  successful  labours  of  Dar  Gilbert  of  Col- 
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cheater,  whose  high  merit  haa  not  yet  received  the 
due  meed  of  praise.  His  treatise  on  the  Magnet 
was  a  model  of  the  appfication  of  philosojdiical  ana^ 
lysis ;  it .  soberly  reduced  the  various  faets  to  a  few 
leading  principles ;  and  threw  occasional  gleams  on 
odier  branches  of  sdehce.  Gilbsbt  not  only  esta- 
blidied  Terrestrial  Magnetism,  but  laid  the  founda- 
tion  of  Electricity  *• 

*  It  is  pleasing  to  find  the  discoveries  of  Gilbert,  mentioned 
with  afipkiiae  by  some  of  lus  ablest  auceesaon.  ThefbUowiqg  pas- 
sage is  extracted  from  the  English  draft  of  the  inaugural  speech  re- 
cited in  Latin  by  Mr  (afterwards  the  femoos  Sir  Christophkr) 
Wash,  on  hia  inatallttdon  to  the  Profeaaotahip  of  Astronomy  in 
Greaham  College,  in  the  year  1657. 

<*  And  now  began  the  first  happy  appearance  of  liberty  to  pbi- 

kMOfhy,  opi^resaed  by  the  tyranny  of  the  Greek  and  Roman  mo» 

narcbies.** "  Among  the  honourable  assertors  of  this  liberty,  I 

must  reckon  Gilbert,  who  having  found  an  admhable  cgrreapon- 
denee  between  his  Terella,  and  his  gi:eat  magnet  of  the  earth, 
thought  this  way  to  determine  his  great  question,  and  spent  his 
studieB  alid  eatate  upon  this  iaquiry ;  by  which  obUer  he  found  out 
many  admirable  magnetical  experiments.     This  man  would  I  have 
adored,  not  only  as  the  sole  inventor  of  magnetics,  a  new  science 
to  be  added  to  the  bulk  of  learning,  but  as  tfte  father  of  the  neto 
phihsophf^  Cartesius  being  but  ^  builder  on  his  experiments. 
This  person  I  should  have  commended  to  posterity  in  a  statue, 
that  the  deserved  marble  of  Harvey  might  not  stand  to  future  ages 
without  a  marble  companion  of  his  own  profession.     He  kept  cor- 
respondence with  the  Lyneei  Academici  at  Rome,  especially  with 
Franc  ISC  us  Sag  red  us,  one  of  the  interlocutors  in  the  dialogues 
of  Galilaus,  who  laboured  to  prove  the  motion  of  the  earth  ne- 
gatively, by  taking  off  objections,  but  Gilbert  positively  ;   the 
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KfiPLEA  had  reduced  the  ordinary  principles  of 
Optics  into  a  systematic  form.  Sn£Lliu8  soon  after 
discovered  the  law  of  Incidence  and  Refraction, 
which  D£s  Cartes  simplified,  and  employed  in  the 
explication  of  other  properties  of  Light,  and  the 
brilliant  phenomena  of  the  Rainbow.  But  the  sas^e 
penetrating  genius,  by  applying  Algebra  to  Geome- 
try, effected  a  memorable  revolution  in  mathemati- 
cal investigation,  attended  with  the  most  important 
consequences. 

Italy  had  enriched  the  art  of  observation  by  the 
Thermometer,  though  this  instrument  was  not 
brought  to  perfection  till  more  than  a  century  after- 
wards.  But  the  same  country  produced  likewise  the 
Barometer,  which  Torricelli  invented  after  the 
death  of  his  master  Galileo.    Otto  Guericke  in 


one  hath  given  us  an  exact  account  of  the  motion  of  gravity  npon  the 
earth ;  the  other  of  the  more  secret  and  more  ohscnre  motion  of  at- 
traction and  magnetical  direction  in  the  earth ;  the  one  I  must  re- 
verence for  giving  occasion  to  Kepler,  (as  he  liimself  confesses,) 
of  introducing  magnets  into  the  motions  of  the  heavens,  and  conse- 
quently of  huilding  the  elliptical  astronomy ;  the  other  of  his  per- 
fecting the  great  invention  of  telescopes  to  confirm  this  astronomy  ; 
so  that  if  the  one  be  the  Brutus  of  liberty  restored  to  philosophy, 
rcrtainly  the  other  must  be  the  Collatinus/ 


»? 
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Germany^  pursuiog  a  different  route^  discoYered  the 
comtniction  of  tke  Air-Punqp^  and  employed  it  in 
tbe  investi^on  of  various  important  phienomeila. 
Both  these  instruments  concurred  to  establish  the 
existence  of  Atmospheric  Pressure,  and  to  refute  the 
most  inveterate  errors  that  infected  the  ordinary 
creed  of  Philosophy.    The  doctrines  of  Aristoti^b 
had  frequeirtly  been  attacked  in  detail,  and  they  no 
longer  inspired  the  same  confidence  and  vene^on. 
But  it  was  reserved  for  the  profound  and  daring 
genius  of  Des  Cartes  to  demolish  completely  that 
imposing  fiibric*     QrigiQal  and  inventive,  he  soared 
above  the  influence  of  prgudice,  and  ranged  fireely 
through  the  treasures  of  knowledge*     Unfortunittely 
he  w0uld  not  stoop  to  the  slow  procedure  of  physical 
^j^  but  ™fife«d  humdfu,  be  hurried.™,  by 
the  ambition  of  erecting  a  grand  systemi.    The  Carte* 
sian  principles,  afterwards  variously  modified,  maiur* 
tained  their  ascendency  over  the  greatest  part  of  Eu- 
rope during  the  space  of  near  a  century.     So  fajr  they 
DO  doubt  obstructed  the  course  of  genuine  science  i 
but,  at  the  same  time,  they  certainly  extinguished  for 
ever  the  scholastic  wrangling,  while  they  bore  the 
seeds  of  their  own  destruction. 
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.  The  Higher  Geotnetry-^^^that  instrmnQiit  of  su- 
blime didcoi/fery-^-wa^  now  advanctng  with  a  nq»d 

« 

pr(^ressic(n.  Cavall'eri  had  invented  his  Method 
of  Indivisibles  ;  Wali^is  produced  his  Arithmetic  of 
Infinites ;  James  Gregory  and  Mebcatob  disco* 
vered  the  doctrine  of  Series  ;  and  Barbow  and 
RoBERVAL,  in  their  method  of.  drawing  tangents, 
traced  the  rudiments  of  the  Differential  Calcuhis. 
The  theory  of  the  collision  of  bodies  first  given  by 
Deb  Cartes,  had  been  corrected  and  completed  by 
HuYGENs,  Wallts  and  Wren.  Mechanics  were 
likewise  enriched  by  many  contrivances  of  the  inge^ 
luous  Dr  HooKE.  Hutgeiss,  who  greatly  surpass- 
ed him  in  mathematical  science,  having  investigated 
the  properties  of  oscillating  bodies,  applied  them 
most  skilfully  to  regulate  the  movements  of  clocks 
and  watches,  by  connecting  their  train  with  a  pendu- 
lum  or  a  spring.  But  this  able  Philosopher,  pursu- 
ing his  analysis  still  farther,  founded  the  prolific 
theory  of  Centrifugid  Force.  By  the  help  of  Geo- 
metry, he  likewise  discovered  the  law  which  connects 
the  density  of  the  strata  of  our  atmosphere  with  their 
elevation. 
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SoiBHCB  wiBft  a^t  to  take  a  kigher  fl^bt,  when 
Nbwton  anxie^i  lEtDd.  baee  awvf : the  palm  of  tridmph* 
Tbk  innujQrtidt  ^niiifi  oompiMBedithe  en^iricaliaws 
of  KfiBiiBR  into  tUeKsingle  ^ndple  of  Attraction  ^ 
and  deaeending  again  Jfrotti  tiiat  principle*,  lie  'dadu-' 
ced|»  by.alspitbft^  involution^  the. great  phsboo^ 
mena  of  the  umTeise.  •  These  conelvsioiis  were  in 
general  moBbfeUcitous ;  but  where  the  powers  of  hb 
«calcnlu8  proved  iinsafficients  he  approximated  to  the 
resolta  by  some  teirt^itive  process,  guided  by  that  sa* 
gacity  in  which  be  was  never  Qxceiled*    The  svne 
penetration  that  ranged  through  the  oelestral  spaces 
could  define. the. figure  of  our  eartfai  and  calculate 
the  tides  of  tbe  ocean.  .  The  properties  of  waterand 
air— 4;he  motion  of  currents,  and  the  propagation  of 
sound-r^were  equally  bi^augKt  under  the  dominion 
of  G^n^ejtry.      But  the.aublytical  procedure*  di- 
riected.  W  the-4^)itQipoaition  of.  Lights  in  a  series  of 
conclusive  experiments,  disclosed  still  greater  won* 
dens,  and 

NiiwTQj^'a  fine  reseattb^s  in  Optici^,  as  they  he* 
gan,  so,  after  a  long  Jnteirruptioni  they  closed  .his 
scientific  labours. 
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Newton  and  Leibnitz  had  sejiarately  discover- 
ed) about  the  same  time,  the  method  of  fluxicMis 
and  Fluents,  or  the  differential  and  integral  Calcu^ 
lu&  The  former  stated  the  principles  with  more 
logical  strictness,  but  the  latter  adopted  a  f«r  prefe* 
raUe  notation.  This  superior  algorithm  has  chiefly 
contributed  to  the  prodigious  extension  which  the 
Higher  Analysis  received  onthe  Continent.  New- 
TON  himself  made  but  inconsiderate  advances  in 
int^ration ;  and  the  progress  afterwards  achieved  in 
England  by  Taylor,  Cotbs,  and  Maclaubin,  how* 
ever  respectable,  will  scarcely  bear  a  comparison 
wiith  the  towering  ascent  of  the  Bbrnouillis,  of  the 
great  Euler,  and  of  lyALEMBERT  or  Clairault» 

The  system  of  mechanical  philosophy  was  now 
seated  on  a  firm  foundation,  though  many  parts  of 
the  structure  still  remained  incomplete.— Romer  had 
proved  that  light  travels  with  a  certain  prodigious 
velocity,  and  Bradley  very  ingeniously  applied  this 
discovery  tpexplain  the  Aberration  of  the  Fixed  Stars, 
which  the  delicacy  of  a  Zenith  Sector,  constructed  by 
Graham,  had  enabled  him  to  detect.  The  Newto- 
nian doctrine  still  experienced  some  opposition  on 
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the  CcHitinent,  from  the  prior  asoendency .  of  the 
Cartesian  tenets.    But  the  mensuntdoo^  of  a  Di^ree 
of  the  Meridian,  performed  within  the  Arctic  Circle, 
and  under  the  Equator,  between  the  years  1736  and 
1742,  affi)rding  results  entirely,  conformable/ ta  the 
Theory  of  Attrition,  finally  decided  the  victory. 
The  Integral  Calculus,  now  so  vastly  expanded^'  was 
directed  to  the  solution  of  the  more  arduous  ques*> 
tions  which  Newton  had  either  not  solved,  of  had 
only  sketched.      The  conclusions  hence  deduced 
were  found  exactly  to  harmonize  with  observation. 
The  greatest  mathematicians  in  £urope  have  since 
exerted  their  skill  in  improving  the  more  delicate 
parts  of  the  theory.    Gauss  has  struck  out  new 
paths  of  investigation.    Hie  recent  calculations  of 
Lagbanoe  and  Laplace  have  brought  to  light  va- 
rious important  and  unexpected  conclusions.    AH 
the  anomalies  in  the  heavens  are  now  found  to  be 
periodical.    Practical^  Astronomy  has  hence  acqui- 
red remarkable  precision ;  and  the  improvements  of 
the  Lunar  Theory  have  wonderifuUy  hastened  the 
advancement  of  Navigation.    The  various  observa- 
tions of  Herschel,  and  the  late  discoveries  of 
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fill  hands  of  Davy,  Berzelius  and  others,  the  Vol- 
taic Kle  has  displayed  the  most  astonishing  results. 

Magnetism  has  also,  within  these  few  years,  been 
advancing  to  maturity.  The  various  circumstances 
which  affect  the  declination  and  depres^on  of  the 
Needle  are  at  length  ascertained  with  some  degree 
of  precision.  Empirical  laws  have  hence  been  fram- 
ed, that  seem  to  indicate  the  changes  of  magnetic  in- 
fluence which  are  going  forward  in  different  parts  of 
the  surface  of  the  earth.  But  the  connecting  prin- 
ciples, which  would  harmonize  the  whole,  remain 
still  unknown,    . 

The  analogy  between  Magnetism  and  Electricity 
had  long  been  suspected ;  but  the  very  curious  ex- 
periment  of  Oersted  has  now  put  the  question 
beyond  all  doubt.  The  Galvanic  action,  variously 
combined  with  the  force  of  Magnetism,  is  incessant- 
ly bringing  into  view  the  mort  beautiful  and  surpri- 
smg  facts.  The  unequal  distribution  of  heat,  and 
the  rapid  circulation  of  certain  metals,  are  also  found 
to  affect  materially  the  needle. ,  No  conclusive  ex- 
plication has  yet  been  offered  ^  but  every  thing  seems 
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to  betoken  our  near  approach  to  some  grand  and 
pervading  disoorery. 

But  amidst  all  this  ^lendour,  it  must  however  be 
confessedt  that  scienoe  haa  declined  from  the  severe 
majesty  which  distinguished  the  age  of  mechanicdl 
philoiophy.  Patient  induction,  though  much  com- 
mendedt  has  very  few  followers  at  present  ^  and  the 
passion  for  hypotheses  appears  to  have  agun  obtained 
ascendancy  in  the  learned  world.  Vague  and  fan- 
ciful images  are  but  too  often  substituted  for  close 
reasoning.  The  more  popular  branches  of  physics 
have  absolutely  grown  rank  with  metaphorical  ex- 
pression. We  may  therefore  conclude  with  th^  judi- 
cious admonition  of  the  finest  genius  of  the  seven- 
teenth century.  "  When  the  weakness  of  men,**  says 
the  acute  Pascal,  '*  is  unable  to  find  out  the  true 
causes  of  phasnomena,  they  are  apt  to  employ  their 
subtlety  in  substituting  imaginary  ones,  which  they 
express  by  specious  names  that  fill  the  ear  without 
satisfying  the  judgment.  It  is  thus  that  the  sym* 
pathy  and  antipathy  of  natural  bodies  are  asserted 

VOL.  I.  e 
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to  be  their  efficient  and  unequiyocal  cKuses  of  seve* 
ral  effects,  as  if  inanimate  substances  were  really 
capable  of  sympathy  and  antipathy.  The  same  thing 
may  be  said  of  cnUiperistcLsisy  and  various  other 
chimerical  causes,  which  affiird  only  a  vain  relief  to 
the  avidity  of  men  to  know  hidden  truths,  and  which, 
far  from  discovering  them,  serve  only  to  conceal  the 
ignorance  of  those  who  invent  such  explications,  and 
nourish  it  in  their  followers/' 


ELEMENTS 


OF 


NATURAL  PHILOSOPHY. 


^AttJBAL  Philosophy  is  the  science  that  unfolds 
those  general  principles  which  connect  the  events  of 
the  material  world.  It  assumes  as  a  basis  the  con- 
stancy and  permanence  of  the  actual  state  of  things. 

The  appearances  which  present  themselves  to  our 
observation,  are  called  PlHifiNOMENA  }  and  the  com« 
mon  relations  which  pervade  these  pha&nomena,  are 
termed  Laws. 

The  business  of  the  natural  philosopher  is  to  re- 
mount patiently  from  effects  to  causes,  till  he  ap- 
proach the  Fountain  of  all  power  and  intelligence  ; 
and  from  this  eminence  to  again  descend,  and  trace 
the  lengthened  chain  of  consequences.  This  double 
mode  of  procedure  corresponds  to  the  Anc^is  and 
Synthetis  of  the  Ancient  Greek  Geometry. 

VOL.  I.  A 
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The  analysis  or  investigation  of  physical  facts  is 
conducted^  either  by  Ob^srvatian^  or  by  Sa^periment. 
Observation  is  the  close  inspection  and  attentive  ex- 
amination of  those  phasnomena  which  arise  succes- 
-  sively  in  the  course  of  nature :  JEaperimentf  as  the 
term  impUes,  consists  m  a  sort  of  trial  or  artificial 
selection  and  combination  of  circumstances,  for  the 
puipose  of  searching  after  the  remote  results.  The 
main  object  of  the  philosopher  is  to  separate  always 
the  various  efifects  which  are  blended  together  in  the 
ordinary  concurrence  of  events. 

The  primary  facts  being  once  detected  from  close 
.  observation  or  delicate  experiment,  the  synthetical 
deduction  can  be  safely  pursued,  by  the  exercise  of 
a  sober  and  cautious  logic.  But  the  most  Important 
instrument,  in  fwwarding  this  process  of  re-comlNi* 
nation,  is  Geometry,  to  which  indeed  we  are  indebt- 
ed for  whatever  is  most  valuable  in  Physical  Science. 

The  most  satisfactory  mode  of  proceeding  in  the 
exposition  of  the  pluenomena,  is  to  consider  Bodies 
as  (1.)  in  a  state  of  Mest^  snd  (8»)  in  a  state  of 
Motion.  The  essential  properties  which  belong  to 
each  distinct  body  form  a  branch  of  science  that  may 
be  termed  Somatology,  but  which  has  hitherto  been 
styled  incorrectly  ClorpfMciilar  PhUo&cphy.  The 
mutual  action  of  bodies,  which  produces  their  equili- 
brium  or  quiescence,  constitutes  Statics.  Those 
properties,  again,  which  bodies  display  while  in  a 
state  of  motion,  form  the  branch  o^  science  called 
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Fki<maMoia«8,    But  imce  all  motioa  mmg  from  the 
appUaakkm  of  fa(rQ?f  thu  dq^ment  has  been  more 
generally  termed  Dynamics.     The  principles  of 
DjRuniiiaSt  i^pli^  to  the  revdutioiis  of  the  heayen- 
)j  hoditi^  HfNBX  th^  mblime  science  of  Phtsicaip 
Astronomy.    The  same  priiiciples»  directed  to  the 
prooefls  of  art»  elucidate  the  oonstructioii  oT  machi- 
nery, and  eonstitnte  th^  Theory  of  Mechanics^ 
The  principles  of  Statics  applied  to  liquids  explain 
the  oottditions  of  their  equilibrium,  and  form  Hy- 
onoafTATics.    The  principles  of  Dynamicst  extend- 
ed likewise  to  Uquids,  unfold  the  properties  of  their 
motions,  and  compose  the  branch  of  science  termed 
Htoiuulics,  or  more  pn^rly  HYDnoDYVAifticst 
The  same  prindplfis,  extended  to  a  far  more  subtle 
fluidy  constitute  PIiotonomics,  or  the  Theory  of 
Light,  which,  in  reference  to  vision  merely,  has  been 
loiig  designated  by  the  less  perfect  name  of  Optics. 
Nearly  aUi^  to  Fhotonomics,  is  the  science  of  Py- 
BONOMics,  which  treats  of  the  properties  of  Heat. 
Mlien  Pyronomios  embrace  likewise  the  affections  of 
Humidity,  they  comprise  the  science  oi  Jifeteardogy^ 
and  explain  the  character  and  condition  of  Climate. 
The  princijdes  of  Dynamics  are  applied,  besides, 
though  as  yet  in  a  very  limited  extent,  to  Magnet-  ^ 
ISM  and  Electricity  ;  and  as  these  interesting 
brandies  of  science  shall  advance  to  perfection,  they 
wiU  assuredly  come  more  within  the  range  of  calcu* 
hition. 

a2 
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A  Course  of  Natural  Philosophy  may  hence  he 
lightly  distributed  under  twelve  di^inct  heads.  ' 

1.  Somatology,  which  includes  the  exposition  of 
the  'general  Properties  of  Bodies  that  are  essential 
to  their  separate  existence. 

8.  Statics,  which  explains  the  Equilibrium  of 
bodies,  as  resulting  from  their  mutual  action,  or  from 
combined  pressure  and  divellence. 

3.  Phoronomics,  or  Dynamics,  which  explores 
the  Laws  of  Motion,  and  traces  the  flux  of  chaises 
produced  by  the  application  of  Force. 

4.  Physical  Astronomy,  which  is  the  extension 
of  Dynamics  to  develope  the  great  Phssnomena  of 
the  Heavens.  It  explains  the  motions  and  figures 
of  the  Planets,  and  deduces  the  various  consequent 
effects. 

5.  Mechanics,  in  which  the  principles  of  Dyna- 
mics  descend  to  improve  the  vulgar  arts,  and  to  ex* 
plain  the  composition  and  arrangement  of  the  various 
Machines  contrived  to  assist  the  labour  of  man. 

6.  Hydrostatics,  which  conasts  in  the  applica*- 
tion  of  the  principles  of  Statics  to  explain  the  Equi- 
librium of  Liquids  or  of  Fluids  in  general :  It  treats 
likewise  of  the  construction  of  Works  depending  on 
such  properties. 

7.  Hydrodynamics,  or  Hydraulics,  which  con- 
sists in  applying  Dynamics  to  the  Motion  of  Li- 
quids :     It  consequently  investigates  the  construc-r 
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tion  and  performance  of  the  various  £ngines  em- 
ployed to  raise  Water,  or  which  are  driven  by  the 
impulsion  of  that  fluid. 

8.  Pneumatics,  whiish  includes  the  application  of 
Statics  and  Dynamics  to  Air  and  other  Graseous 
Fluids :  It  explains  the  constitutioii,  the  operations, 
and  general  phenomena  of  our  Atmosphere^ 

9*  Photokomics,  which  treats  of  the  properties 
and  operations  of  Light. 

10.  Pyromomics,  which  explores  the  properties 
and  operations  of  Heat. 

11.  Magnetism,  which  investigi&tes  the  properties 
of  the  Loadstone,  and  their  iq^dicatiim  to  the  sus* 
pended  Needle. 

Id.  Electricitt,  which  explains  all  the  brillimt 
{rfisenomena  derived  from  those  first  produced  by 
the  rublnng  of  Amber. 

Such  appears  to  be  the  systematic  arrangement  of 
tliose  subdivisions ;  but  it  will  admit  of  bemg  oon^ 
veniently  modified.  I  shall  therefore  dispose  them 
mosre  nearly  in  the  order  of  difficuky. 
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1.  SOMATOLOGY  • 

Ccmnprehends  our  knowledge  of  Bodiei,  or  External 
SubstaneeB. 

Hie  properties  of  bod  j  are  detected  by  the  senses 
—either  from  immediate  observatioib*i>H»r  through 
the  application  of  experiment  and  the  aid  of  instru- 
ments. The  more  obvious  projieitiea  are  revealed 
to  us  merdy  by  sq^  or  touch }  but  the  penetration 
of  the  telescope  has  cinUed  us  to  survey  vMt  systems 
of  worlds  dispersed  through  the  remotest  heaVcos^ 
Wbile  the  opposite  power  of  die  microscope  has 
brought  within  our  view,  from  the  very  ymgt  of  ex-- 
istence,  a  miniature  creation  of  otgauwd  beings^ 
Again,  the  most  careless  observer  can  hardly  fiiil  to 
percdvte  that  Air  is  a  conpressihie  fluid,  while  it  re- 
f(tkte%  a  very  delioBte  vxjperiment  to  ducover  the 
same  property  in  Water. 

The  properties  of  body  are  either  essential  and 
permanent,— -or  they  are  contingent  and  susceptible 
of  change  or  variation. 
Body  is  essentially, 

1.  Extended.  4.  Divisible. 

2.  Figured.  5.  Porous. 

3.  Impenetrable.  6.  Contractile  or  disten- 

sible. 


*  From  S«^)  a  Body, 


NATURAL  PHlLOaOPHY.  ^ 

It  is  contingently, 
1.  Moreable.  2.  Ponderable. 

Of  these,  the  two  first  properties  essenfcial  to  bo» 
dies, — ^ExTSNSioN  and  Figure^— 4)eloiig  equally  to 
Space,  and  heAoe  constitute  die  foundation  of  Geo- 
metry. 

111.  Iitf imxT&ABiLrrT  fonns  the  third  discrkni- 
nafting  feature  of  body.  This  prindple  is  common- 
ly regarded  as  an  axiom,  but  it  is  a  truth  only  de* 
lived  from  early  and  inTanable  experience.  It  vests 
on  this  inco<ktrofart3>le  fact,  Aat  no  tiro  bodies  can 
aocnpy  the  same  i^aee  in  the  same  precise  iBstaat  of 
time.  Had  the  case  indeed  been  otlienviae,  each 
body  m^^  be  aucceflsively  absorbed  into  the  sub* 
atance  of  another,  tiU  the  whole  ftanae  of  the  un^ 
verse,  collapsing  into  a  point,  were  lost  in  tihe  vcrtCK 
of  amnhOation. 

But  although  the  most  palpdMle  obserration  attests 
snffidently  the  impossAility  of  the  mutual  cempcne- 
trstion  of  bodies,  yet  this  property  may  be  fiorther 
fllustrated  and  confirmed  by  a  few  simple  experi- 
ments. 

1.  A  Tossel  being  filled  to  the  brim  with  water, 
if  any  solid,  incapable  of  soluti<m  in  that  liquid,  be 
plunged  in  it,  a  portion  of  the  water  will  overflow, 
which  is  exactly  equal  to  the  bulk  of  the  wood  or 
metal  immersed. 
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2.  If  a  cylinder  be  gradually  pressed  downwards 
into  a  glass  cylinder  partly  filled  with  water,  the 
liquid  will  rise  proportionally,  till  the  space  mounted 
over  by  its  surface  shall  be  equal  to  th^  portion  of 
the  cyliiider  introduced. 

These,  two  experiments .  show  that  water  opposes 
the  entrance  of  a  solid  substance,  and  retires  on  all 
sides  to  give  room  for  its  advance.  Simple  as  the 
fad:  now  appears,  it  was  first  distinctly  noticed  by 
Archimedes,  who  made  it  the  ground  of  his  Hydro- 
statical  Theory. 

The  same  truth  is  evinced  by  other  experiments. 

8.  If  a  cork  be  rammed  hard  into  the.neck  of  a 
phial  iuU  of  water,  the  phial  will  burst,  while  its  neck 
remains  entire. 

4.  Bladders  filled  with  water  and  disposed  upon 
a  table  will  support  very  large  weights  placed  on  a 
board  that  has  been  laid  over  them. 

5.  The  same  experiment  will  succeed  equally  with 
bladders  blown  foil  of  air. 

6.  But  the  disposition  of  the  air  to  resist  all  pene- 
tration is  made  conspicuous  in  anodic  way.  Let  a 
laige  and  very  tall  glass  vesael  he  nearly  filled  with 
water,  on  the  surface  of  which  a  lighted  taper  is  set 
^o  float ;  if  over  thia  glass,  a  smaller  cylindrical  .ves- 
sel, likewise  of  glass,  be  inverted  and  pressed  down- 
wards, the  contained  air  maintaining  its  place,  the 
internal  body  of  the  water  will  descend,  while  the 
rest  will  rise  up  at  the  sides,,  and  the  taper  will  appear 


NATURAL  PHILOSOPHY;  9 

for  some  seconds  to  burn,  encompassed  by  the  wbole 
mass  of  liquid. 

IV.  Divisibility  is  another  essential  property  of 
bodies.  £very  substance  with  which  we  jare  ac- 
quainted is  capable  of  being  separated  into  parts,  and 
each  of  these  again  may  be  repeatedly  subdivided* 
Nor  has  any  limit  ever  been  assigned  to  this  process 
of  continual  subdivision,  though  it  seems  [»*obable 
that,  at  some  term,  however  distant,  the  resulting 
particles  may  lapse  into  simple  cUams,  incapable  of 
any  fiirther  resolution. 

The  actual  subdivision  of  bodies  has,  in  many  cases, 
been  carried  to  a  prodigious  extent.  A  slip  of  ivory, 
of  an  inch  in  length,  is  frequently  divided  into  an 
hundred  equal  parts,  which  are  distinctly  visible. 
But,  by  the  ap^catidn  of  a  very  fine  screw,  five 
thousand  equidistant  lines,  in  the  space  of  a  quarter 
of  an  inch,  have  been  traced  on  a  sur&ce  of  steel  or 
glass  with  the  fine  point  of  a  diamond,  producing 
delicate  iridescent  colours.  Common  writing  paper 
has  a  thickness  of  about  the  500th  part  of  an  inch ; 
but  the  pellicle  sqmrated  firom  ox-gut,  and  then 
doubled  to  form  gold-beaters'  skin,  is  six  times  thin- 
ner. A  single  averdupois  pound  of  cotton  has  been 
•spun  kito  a  thread  76  miles  in  length ;  and  the  same 
quantity  a£  wool  has  been  extended  into  a  thread  of 
9&  miles  ;  the  diameters  of  those  threads  being  hence 
only  the  350tix  and  400th  parts  of  an  inch. 


iO  -  fiLfiMENTS  OF 

The  finest  flaxen  thread  drawn  by  machinery  at 
Leeds  has  only  the  155th  part  of  an  indi  in  thick- 
ness, so  that  a  single  pound  of  it  would  reach  17| 
miles.  At  Dunfermline,  yam,  of  the  200th  part 
of  an  inch  in  diameter,  is  now  manufactured  from 
the  best  foreign  flax.  But  lately,  an  old  woman, 
near  Belfast,  sptok  Irish  flax  into  yam,  a  pound 
of  which  virould  extend  to  90  miles,  its  diameter  be- 
ing dnly  the  250th  part  of  an  inch.  Yet  this  eflS>rt 
of  dcfli  and  patience  comes  fiir  short  of  the  fineness 
of  the  thread  sometimes  used  in  Flanders,  for  the 
fabric  of  lace ;  a  specimen  of  which,  from  St  Qaen- 
tin,  but  spun  at  Catillon  sur  Sambre,  had  only  the 
TDOth  part  of  an  inch  in  diameter,  a  pound  of  it  be- 
ing sufficient  to  extend  to  342  miles. 

But  the  ductility  of  some  metals  fiur  exceeds  that 
of  any  other  subM^nce.  The  gold-beaters  begin 
their  operations  with  a  ribband  «n  inch  broad  and 
150  inches  long,  which  had  been  reduoed,  by  passing 
it  through  rollers,  to  about  the  800th  part  of  aa 
inch  in  thickness.  Hiis  ribband  is  cut  into  squares^ 
which  are  disposed  between  leaves  of  velinm,  and 
beat  by  a  heavy  hammer,  till  they  acquire  a  breadth 
of  more  than  three  inches,  and  are  thus  extended  to 
ten  times  their  former  surfisK^.  Hiese  are  again 
quartered,  and  placed  between  the  folds  of  gold- 
beaters^ skin,  and  stretched  out,  by  the  operation  of 
a  lighter  hammer,  to  the  breadth  of  five  inches.  The 
same  process  is  repeated,  sometimes  more  than  oncev 
by  a  succession  of  lighter  liammers ;  so  that  976 
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grains  of  gold  are  thus  finally  extended  into  9000 
learei,  of  3.3  inches  square,  maldag  in  ail  80  books, 
containing  each  <^  them  t5  leaves.  The  metal  iseon« 
seqimitlf  reduced  to  the  thinaess  of  the  280,000th 
fut  of  an  inch,  and  every  leaf  weig^  rather  losi 
than  the  fifth  part  of  a  grain.  A  particle  of  gold» 
not  exceeding  the  500,p00th  part  of  a  grain,  ishenoe 
distinctly  visiUe  to  the  naked  eye* 

Silver  is  likewise  capable  of  being  laminated^  but 
will  soaix^y  bear  half  the  extension  of  gold,  or  the 
Lft0,000th  part  of  an  inch  thick.  Copp^  and 
tin  ha^e  still  infertor  degrees  t^  dudility,  and  oatt- 
net  be  beat  tUniwr  pedbapa  than  ^  ^OOOtk  part 
of  an  inch.  These  form  what  are  called  Dutch 
Leaf. 

In  the  glding  of  buttons,  five  grains  of  gold» 
wMch  JB  aiqpiied  as  an  amalgam  vnth  mefcury,  is  al* 
lowisd  to  each  gross ;  so  that  the  coating  Mk  must 
a»o«at  to  1ft»  llO^OOOIli  part  of  mt  mch  itat  thidt- 
sew.  If  a  piece  (^iv«ory  or  white  satin  be  immened 
It  ft  Htoo4nui!iate  selulton  of  gold,  ahd  then  exposed 
to  a  curwBt  of  hydrogen  gas,  it  iKll  beoome  covered 
witii  a  smftce  of  gold  hardly  ^^eeeeding  in  tkick^ 
Aesa  the  ten  millionth  part  of  an  inch. 

The  ffk  mite  need  in  enribiokiery,  is  formed  by 
eMmdi^g  geld  <»mt  a  surfeee  of  sihw.  A  sih«r 
rodi  about  two  feet  long  and  ad  indi  and  half  in  dia^ 
mrter,  and  4ktetefwe  webbing  nearly  twenty  pounds, 
is  ricMy  oosled  w4th  about  800  grains  of  pure  gold. 
in  this  t^oimtry  the  lowest  proportion  allowed  is  100 
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grains  of  gold  to  a  pound  of  silver.  This  gilt  rod  is 
then  drawn  through  a  series  of  diminishing  holes^ 
till  it  has  stretched  to  the  vast  length  of  340  miles, 
when  the  gold  has  consequently  become  attenuated 
800  times,  each  grain  being  capable  of  covering  a 
surface  of  9600  square  inches.  This  wire  is  now 
flatted,  the  golden  film  suflfering  a  farther  extension, 
and  having  its  thicknesi  reduced  (o  the  four  or  five 
millionth  part  of  an  inch. 

It  has  been  asserted,  that  wires  of  pure  gold  can 
bCv  drawn,  of  only  the  4000th  part  of  an  inch  in  dia* 
meter.     But  Dr  W.  H.  Wollaston,  by  an  ingenious 
procedure,  has  lately  advanced  much  farther.     Tak-^ 
ing  a  short  cylinder  of  silver,  about  the  third  part  of 
an  inch  in  diameter,  he  drilled  a  fine  hole  through 
its  axis,  and  inserted  a  wire  of  pktinum  only  the 
100th  .part  of  an  inch  thick.     This  silver  mould  was 
now  drawn  through  the  successive  holes  of  a  steel 
plate,  till  its  diameter  was  brought  to  near  the  l^KX)tIi 
part  of  an  inch,  and  consequently  the  internal  ynie^ 
being  diminished  in  the  same  proportion,  was  reduced 
to  between  the  4  and  5000th  part  of  an  inch.     The 
compound  wire  was  then  dipped  in  warm  nitric  acid, 
which  dissolved  the  silver,  and  left  untouched  its 
core  or  the  wire  of  platinum.     By  passing  the  in- 
crusted  platinum  through  a  greater  number  of  holes, 
wires  still  finer  were  obtained,  some  of  them  only 
the  30,000th  part  of  an  inch  in  diameter.     The  te- 
nacity of  the  metal,  before  reaching  that  limit,  was 
even  considerable  ;  a  platinum  wire  of  the  18,000th 
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part  of  an  inch  in  diameter  supjMNrting  the  weight  of 
one  grain  and  a  third. 

Such  excessive  fineness  is  hardfy  surpassed  by  the 
filamentous  productions  of  nature.  Human  *  hair 
yarids  in  thickness,  from  the  250th  to  the  600th  part 
of  an  inch.  The  fibre  of  the  coarsest  wool  is  about 
the  500th  part  of  an  inch  in  diameter,  and  that  of 
the  finest  only  the  1500th  part.  The  silk  line,  as 
spun  by  the  worm,  is  about  the  5000th  part  of  an 
inch  thick  ;  but  a  spider's  line  is  perhaps  six  times 
finer,  or  only  the  dO,OOOth  part  of  an  inch  in  dia- 
meter, insomuch,  that  a  single  pound  of  this  atte- 
nuated substance  m^ht  be  sufficient  to  encompass 
our  globe. 

The  red  globules  of  the  human  blood  have  an  ir- 
regular roundidi  shape,  from  the  2500th  to  the 
SSOOth  of  an  inch  in  diameter,  with  a  dark  central 
spot. 

The  trituration  and  levigation  of  powders,  and  the 
perennial  abrasoion  and  waste  of  the  surface  of  solid 
bodieSi  occasion  a  disintegration  of  particles,  almost 
exceeding  the  powers  of  computation.  Emery,  after 
it  has  been  ground,  is  thrown  into  a  vat  filled  with 
water,  and  the  fin^iess  of  the  powder  is  distinguish- 
ed by  the  time  of  its  subsidence.  In  very  dry  si- 
tuations, the  dust  lodged  near  the  comers  and  cre- 
vices of  ancient  buildings  is,  by  the  continual  agita- 
tion of  the  air,  made  to  give  a  glossy  polish  to  the 
interior  side  of  the  pillars  and  the  less  prominent 
parts  of  those  venerable  remains. 
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So  fine  lA  the  wad  on  the  arid  plains  of  Arabwi,  that 
it  is  carried  Bometimes  SOO  mifes-over  tho  Mediter- 
ranean fKdtk  by  the  8wee]iing  and  violent  Sirocco. 
Very  ktely»  the  deek  of  a  ship  was  covered  with  im- 
palpahk  diist»  while  navigating  the  Atlantia^  at  the 
distanoe  of  600  nilea  fixim  the  western  coast  of  Afri- 
ca, The  rodcs  are  peopled,  along  the  shores  of  the 
Mediterranean»  by  thejdAafa^i  a  teataceoiis  and  edible 
wonn»  whioh^  tlM)iig^  v^  soft»  yet»  by  unwearied 
peraeveiancef  works  a  cylindrical  hole  into  the  heart 
of  the  hardest  stone.  The  maible  steps  of  some  of 
the  groat  churches  in  Italy  are  worn  by  the  inces- 
sant crawling  of  abject  devotees ;  nay»  the  hands  and 
feet  of  bronze  statues  are»  in  the  lapse  of  ag^s,  wasted 
away  by  the  ardent  kisses  of  innumerable  pilgrims 
that  resort  to  those  shrines.  What  an  evanescent 
pellicle  of  the  metal  must  be  steaded  at  each  succes- 
sive contact ! 

The  solutiims  of  certain  saline  bodies,  and  of  other 
coloured  substances,  exhibit  a  prodigious  subdivisiim 
and  dissemination  of  matter,  A  single  gpia  of  the 
sulphate  of  copper,  or  blue  vitriol,  will  communicate 
a  fine  a2ure  tint  to  five  gallons  of  water.  In  this 
case,  the  copper  must  be  attenuated  at  least  ten  mil- 
lion times ;  yet  each  drop  of  the  liquid  may  contain 
so  many  coloured  particles,  distinguishable  by  our 
unassisted  vision.  A  still  minuter  portion  of  cochi- 
neal, dissolved  in  deliqueate  potash,  will  strike  a 
bright  purple  colour  through  an  equal  mass  of  water. 

A  small  portion  of  iodine,  heated  within  a  sealed 
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Aiud(9  will  fiU  the  q^iftce  wHh  a  beaiitiliil  purple  steam, 
which  in  cooling  condanfies  into  minute  aoiculwr 
crystals  \  and  the  fumes  of  ammonia^  however  ex- 
panded, diq^lay  their  efficacy  by  the  coloiatioa  of  a 
bit  of  test  paper,  the  muonmt  it  is  introduced  below 
the  nec^  of  the  phial.     Bttt  odours  are  etpahle  of  a 
much  wid^  diffiiaon.    A  single  grain  of  musk  has 
been  known  to  pa:fiune  a  large  room,  for  the  space  of 
twenty  years.   Consider  how  often,  during  that  time, 
the  air  of  the  apartment  must  have  been  renewed, 
and  have  thus  become  charged  with  fresh  odour !  At 
the  lowest  computation,  the  musk  had  been  subdi- 
vided iskto  880  quadrillions  of  particles,  each  of  them 
capable  of  a&eting  the  ol&etory  organs.    The  vast 
diffusion  of  odorous  effluvia  may  be  conceived  from 
the  fact,  that  a  lump  oi  a$9a  fmtida^  exposed  to  the 
cpen  ah:,  was  finuad  to  have  lost  only  a  grain  in  the 
space  of  seven  weeks.    Yet,  since  dogs  hunt  by  the 
scent  alone,  the  effluvia  emitted  from  the  several 
qiedes  of  animals,  and  even  from  different  indivi- 
duals of  the  same  race,  must  be  essentially  distinct. 
The  vapour  of  pestilw^  conveys  its  poison  in  a 
still  more  subtle  and  attenuated  form.    The  seeds 
of  contagion  are  known  to  lurk  for  years  in  various 
absorbent  substances,  which,  on  exposure  to  the  air, 
scatter  death  and  consternation. 

But  the  diflfosion  of  the  particles  of  light  defies  all 
powers  of  calculation.  A  small  taper  will,  in  a 
twinkling,  illuminate  the  atmosphere  to  the  distance 
of  four  miles  ;  yet  the  luminous  particles  which  fill 
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that  wide  concavity  cannot  amount  to  the  5000tli 
part  of  a  grain,  which  may  be  the  whole  consump^ 
tion  of  the  wax  in  ligljit,  in  smoke,  and  ashes. 

Animated  matter  •  likewise  exhibits,  in  many  in- 
stances, a  wonderful  subdivision.  Between  the  Tro- 
pics, the  small  iparine  polypi,  by  the  immensity  of 
th^ir  combined  numbers,  speedily  raise  up  clusters 
of  coral  reefs,  so  dangerous  at  present  to  the  naviga- 
tion of  those  seas,  but  which  are  destined  at  no  very , 
•  remote  period,  to  form  groupes  of  inhabited  and  cul- 
tivated islands.  The  milt  of  a  codfish,  when  it  be- 
gins to  putreiEy,  has  been  computed  to  contun  a  bil- 
lion of  perfect  insects ;  so  that  thousands  oS  these 
living  creatures  could  be  lifted  on  the  point  of  a 
needle.  But  the  infusory  animalcules  display,  in 
their  structure  and  functions,  the  most  transcendent 
attenuation  of  matter.  The  vibrio  undida^  found 
in  duck-weed,  is '  computed  to  be  ten  thousand  mil- 
lion times  smaller  than  a  hemp  seed.  The  vtbrio 
UneoUx  occurs  in  vegetable  infusions,  every  drop  con- 
taining myriads  of  those  oblong  points.  The  TMmaa 
gdoitinoaaj  discovered  in  ditch-water,  appears  in  the 
field  of  a  microscope  a  mere  atom  endued  with  life, 
millions  of  them  playing  like  the  sun-beams  in  a 
single  drop  of  liquid. 

V.  Porosity  is  also  an  essential  property  of  Bo- 
dies. It  is  not  confined  to  the  animal  and  vegetable 
compounds,  which  have  an  evident  vascular  structure. 


NATURAL  PHILOSOPHY,  17 

but  is  found  in  ;every  substance  that  we  are  able  to 
expiate.  This  may  be  shown^^from  inspection  with 
the  niicrosoope9<—4yy  the  passing  of  difibrent  fluids 
through  solid  bodies^-^-or  by  the  transmission  of  light 
itself  in  all  directions  through  their  internal  sub- 
stance. 

1.  The  porosity  of  wood  is  so  remarkable,  that 
air  may  be  hlown,  by  the  action  of  the  mouth  and 
lungs,  in  a  proftise  stream,  through  a  cylinder  two 
feet  long,  of  dry  oak,  beech,  elm  or  birch.  If  a 
piece  of  wood,  or  a  lump  of  marble,  granite,  or 
other  compact  stone,  be  plunged  under  water,  and 
placed  within  the  receiver  of  a  pneumatic  machine ; 
on  withdrawing  the  external  pressure,  the  air  which 
had  been  dispersed  through  their  interior  cavities, 
will  issue  from  every  pdnt  of  their  surface,  and  rise 
in  a  torrent  of  bubbles,  A  similar  appearance  is 
exhibited  when  such  bodies  are  sunk  under  mercury, 
which  in  some  cases  becomes  finely  injected  through 
all  the  ramifying  pores,  on  restoring  the  pressure  of 
the  atmosphere.  In  like  manner,  mek*cury  is  forced 
through  a  piece  of  dry  wood,  and  made  to  fall  in 
the  form  of  a  fine  divided  shower. 

If  a  few  ounces  of  mercury  be  tied  in  a  bag  of 
dieep  Ain,  it  may  be  squeezed  through  the  leather 
by  the  pressure  of  the  hand,  in  numerous  minute 
streamlets.  This^experiment  illustrates  the  porosity 
of  the  human  cuticle.  From  microscopic  observa- 
tions, it  has  been  computed  that  the  skin  is  pei*fo- 
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rated  by  a  thousand  holes  in  the  length  of  on  inch* 
If  we  estimate  the  whole  surface  of  the  body  of  a 
middle-sized  man  to  be  sixteen  square  feet,  it  must 
contain  no  fewer  than  2004  millicm  pores  :  and 
these  pores  are  the  mouths  of  so  many  excretory  tcs- 
sels,  which  perform  that  important  function  in  the 
animal  economy-^Insefmble  Perspiration.  The 
lungs  discharge  every  minute  6  grains,  and  the  sur- 
face of  the  skin  from  3  to  £0  grains ;  the  average 
over  the  whole  body  being  15  grains  of  lymph,  con- 
sisting of  water,  with  a  very  minute  admbcture  of 
salt,  acetic  acid,  and  a  trace  of  iron.  At  this  rate 
of  transpiration,  the  loss  would  amount  to  d§ 
pounds  troy,  in  the  space  of  twenty*four  hours*  If 
we  suppose  this  perspirable  matter  to  consist  of  glo- 
bules only  about  SO  times  smaller  than  the  red  par- 
ticles of  blood,  or  about  the  10,000th  part  of  an  inch 
in  diameter,  it  would  require  a  succession  of  three  of 
them  to  issue  from  each  orifice  every  minute. 

The  permeability  of  a  solid  body  to  any  fluid,  de- 
pends however  on  its  peculiar  structure  and  its  re« 
lation  to  the  fluid.  A  compact  substance  will  some- 
times oppose  the  entrance  of  thin  fluid,  while  it  gives 
free  passage  to  a  gross  one.  Thus,  a  cask,  which  could 
hold  water,  will  permit  oil  to  ooze  through  it ;  and 
a  fresh  humid  bladder,  which  is  air-tight,  ¥rill  yet» 
when  pressed  under  water,  imbibe  a  notal^le  portion 
of  that  liquid.  If  a  cylindrical  piece  of  oiak,  ash^ 
elm,  or  other  hard  wood,  cut  in  the  direction  of  ita 
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fibf^  bie  oeiMHted  to  tbe  end  of  a  long  glass  t4ibe^ 
water  will  flow  freely  through  it^  in  divided  stream* 
leta;  but  asoft  cork  imierted  into  a  jsimilar  tube  will 
csflfectuaUy  prevj^t  all  escape  of  the  liquid.  Mercury 
may  be  carried  in  a  smitll  cambric  b^g,  which  would 
sot  retain  water  for  a  moment.  If  a  circular  bottom, 
of  rlnafigramari  wood,  divided  by  a  fine  slit  from  the 
80th  to  the  lOQth  part  of  an  inch  wide^  be  cemented 
to  tfae  end  of  a  glass  tub^t  it  wiU  support  a  column 
of  mearcury,  from  one  to  three  or  more  inches  high^ 
the  elevation  being  always  proportional  to  the  nar- 
rowness of  the  slit.  Hence,  a  cistern  of  box-wood  is 
frequently  used  for.  portable  barometers^  the  fine 
joints  admitting  the  access  and  pressure  of  the  air, 
but  preventing  the  escape  of  the  mercury.  Yet  a 
sufficient  force  might  overcome  this  obstruction; 
and»  in  the  same  manner,  the  air  which  is  confined 
in  the  common  bellows  under  a  moderate  pressure,* 
will,  by  a  more  violent  action,  be  made  to  tran* 
^lire  copiously  through  the  boards  and  the  leather.  * 
The  trunsmitwion  of  a  fluid  through  a  solid  substance 
shows  tibe  existence  of  pores ;  but  the  resistance,  in 
ordinary  cases,  to  sudi  a  passage,  is  insufficient,  there- 
fine,  to  prore  tlie  contrary. 

The  permeability  of  translucent  substances  to  the 
nys  of  light,  in  all  directi(ms,  evinces  the  most  ex- 
treme porosity.  But  this  inference  is  not  confined 
merely  to  the  bodies  usually  termed  diaphanous ;  for 
the  gradrtion  towards  opacity  advances  by  insensible 
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shades.  The  thin  air  itself  is  not  perfectly  transhi* 
cid,  nor  will  the  densest  metal  absolutely  bar  all  pu* 
sage  of  light.  The  whole  mass  of  our  atinoqphere» 
eqml  to  the  weight  of  a  column  of  34  feet  of  water, 
transmits,  acoording  to  its  comparative  cleameMt 
only  from  four-fifths  to  three*fonrths  of  the  perpen- 
dicular light,  and  consequently  retains  or  absorbs 
from  a  fifth  to  a  fourth  part  of  the  whole.  But  this 
absorption  is  greatly  inc^^ased  by  the  accumulation  of 
the  interposed  medium.  When  the  sun  has  aj^roach- 
ed  within  a  degree  of  the  horizon,  and  his  rays  now 
traverse  a  tract  of  air  equal  in  weight  to  a  column  €»f 
905  feet  of  water,  only  the  SlSth  part  of  them  can 
reach  the  surfiuse  of  the  earth* 

By  a  peculiar  applicaticm  of  my  Photometer,  I 
have  found  that  half  (^  the  incident  light,  which 
might  pass  through  a  field  of  air  of  die  ordinary  den- 
sity and  1 5^  miles  extent,  would  penetrate  only  to 
the  depth  of  15  feet  in  the  cleai^st  sea-wateri  which 
is  therefore  about  5400  times  less  diaphanous  than 
the  ordinary  atmospheric  medium.  But  water  o£ 
shallow  lakes,  though  Aot  apparently  turbid,  beferays 
a  greater  opacity,  insomuch,  that  the  perpendicular 
light  is  reduced  one  half,  in  descending  only  through 
the  space  of  six,  or  even  two  feet.  The  same  mea- 
sure of*  absorption  would  take  place  in  the  paflswgo 
of  light  through  the  thickness  of  two  or  three  inchea 
of  the  finest  glass,  which  is  consequently  500,0(10 
times  more  opaque  than  an  equal  bulk  of  air,  or 
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300  tiweft  more  opaque  than  an  equal  Weight  or  mass 
of  this  fluid. 

But  even  gold  is  diaphanous.  If  a  leaf  of  that 
metftlf  ^dier  pure  or  with  only  an  80th  part  of  alloy, 
and  therefore  of  a  fine  yellow  lustre,  but  scarcely  ex- 
ceeding: the  800,000th  part  of  an  inch  in  thickness, 
and  inclosed  between  two  thin  plates  of  mica,  be  held 
immediately  before  th6  eye,  and  opposite  to  a  win- 
dow,  it  will  tranamit  a  soft  green  light,  like  the  colour 
^  the  water  of  the  sea,  or  of  a  clear  lake  of  moderate 
depth,  Tliis  glaucous  tint  is  easily  distinguished 
Aom  the  mere  white  light  which  passes  through  any 
viAle  boles  or  tmm  parts  of  the  leaf.  It  is  indeed 
the  very  colour  which  gold  itself  assumes,  when  pour- 
ed liquid  from  the  meltii^  pot.  A  leaf  of  pale  gold, 
or  gold  alloyed  with  about  the  80th  part  of  silver, 
trsmraits  an  aarare  eolour ;  from  which  we  may,  with 
great  probatnlity,  infer,  that  if  silver  could  be  redu- 
ced to  a  sufficient  degree  of  thinness,  it  would  dis-. 
charge  a  pvople  hght.  These  noble  metals,  there- 
fi»e,  adt  upon  white  light  exactly  like  air  or  water, 
absoHnfi^  1;he  red  and  orange  rays  which  enter  into 
its  conipositioB,  but  suSkriBg  the  conjoined  green 
and  blue  irays  to  ed&ct  their  passage.  If  the  yellow 
leaf  wwe  to  transmit  only  the  tenth  part  of  the  whole 
mUmA  light,  we  .should  only  conclude,  that  pure 
gold  is  250s000  tanes  l^ess  diiqphanous  than  pellucid 
glass. 
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The  inferior  ductility  of  the  other  metala  will  not 
allow  that  extreme  lamination,  which  would  be  re^ 
quisite,  in  ordinary  cases,  to  show  the  transmission 
of  light.  But  their  diaphanous  quality  may  he  in- 
ferred, from'  the  peculiar  tints  with  which  they  af- 
fect the  transmitted  rays,  when  they  form  the  alloy 
of  gold. 

Other  substances,  which  are  commonly  reckoned 
opaque,  yet  permit  in  various  proportions  the  passage 
of  light.  The  window  of  a  small  apartment  beii^ 
closed  by  a  deal  board,  if  a  person  within  shut  his 
eyes  a  few  minutes  to  render  tnem  more  sensible^  he 
will,  on  opening  them  again,  easily  discern  a  faint 
glimmer  issuing  through  the  window.  If  tJiis 
board  be  plained  thinner^  more  light  will  successiye^ 
ly  penetrate,  till  the  furniture  of  the  room  becomes 
visible,  and  perhaps  a  large  print  may  be  distinctly 

read. 

Writing  paper  transmits  about  the  third  part  of 
the  whole  incident  light,  and  when  oiled  it  often 
supplies  the  place  of  glass  in  the  common  work-shops. 
The  addition  of  the  oil  does  not,  however,  materially 
augment  the  diaphanous  quality  of  the  paper,  but 
renders  its  internal  structure  more  regular,  and  more 
assimilated  to  that  of  a  liquid.  •  The  rays  of  light 
travel,  without  much  obstruction,  across  several  folds 
of  paper,  and  even  escape  copiously  through  paste- 
board. 
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ComlNiiiiig  these  various  hcUh  it  follows,  that  all 
bodies  are  permeable,  though  in  extremely  different 
degrees,  to  the  afflux  of  light.  They  must  therefore 
be  widely  perforated*  and  in  every  possible -direction. 
The  porosity  of  bodies  is  consequently  so  difiuse, 
that  the  bulk  of  their  internal  kernel,  or  of  the  ul- 
timate obstacles  which  they  present,  may  bear  no 
sensible  proportion  to  the  space  which  they  occupy. 

y  L  The  last  essential  property  which  belongs  to 
ail  bodies,  is  that  of  CoNTRAeTioN  or  Dilatation; 
Though  absolute  penetration  is  impossible,  yet 
every  substance,  however  dense  or  compact,  can 
yet  have  its  volume  enlaiged  or  diminished.     This 
-change  of  bulk  is  in  some  instances  quite  aj^arent, 
while,  in  other  cases,  to  render  it  visible,  requires 
either  the  agency  of  a  vast  force,  ^  or  the  application 
4>f  some  very  delicate  measure.     The  effect  is  pro- 
duced on  fluids,  either  by  increasing  or  diminishing 
their  ordinary  external  compression  ;  but  solid  sub- 
atances  will  have  their  volume  contracted  or  distend- 
jed  by  squeezing  or  pulling.    A  few  experiments  will 
-confirm  and  illustrate  the  general  proposition. 

1..  If  a  flaccid  bladder  be  placed  within  the  recei- 
yet  of  an  air  pump,  it  will  gradually  swell  as  the  ex- 
battstion  advances,  but,  on  restoring  the  external 
piessure^  it  will  again  shrink  into  its  former  dimen- 
Aons. 
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S.  If  a  tali  flask,  nevly  illed  with  water,  ba  in- 
verted in  a  jar  of  water»  and  placed  lilqewue  under 
a  pneutnatic  receiver,  the  air  ooUected  near  the  tof 
of  the  flask  will  visibly  expand  as  the  operatidn  of 
pumping  proceeds,  till  it  presses  down  the  water, 
and  begins  to  make  its  escape  from  below  in  the  fbnn 
of  rarefied  bubbles. 

3.  But  air  is  easily  compressed,  by  the  f^iposite 
action  of  a  syringe.  In  the  vault  or  chamber  of  the 
aiI^fpm,  it  is  often  condemed  fifty  or  even  eighty 
tines.  Nearly  the  half  of  that  chaige  may  be  thrown 
into  the  pneumatic  blow-^pipe,  from  which^  on  par- 
tially opening  the  valve,  it  will  again  continue  to 
flow  for  the  space  of  a  quarter  of  an  hour» 

Other  gases  are  likewise  notably  contracted  or  di- 
lail)ed,  by  the  increase  or  diminution  of  extenud  pres- 
sQie.  But  liquid  substances  tknnselves  aaanifeat  a 
similar  property,  though  in  a  muck  kmer  degree. 
if  a  large  (^assJiaU,  termimking  in  a  long  narww 
and  open  stem  divided  into  minute  qiaces  oorrespiHid* 
ing  to  the  millioath  parts  of  the  whole  capadty^  be 
filed  with  distilled  water  carefully  purged  of  air,  and 
introduced  under  the  receiver  i^  a  pnemnatic  wu^ 
ohina  $  as  the  eiduutsdoia  advances,  the  water  will 
ptoportianally  expand  and  rise  mwr  fifty  dnrissoes^ 
bvt,  iXL  admitting  the  atwosphere  agpan  to  cBipfgiB 
the  water,  it  wiU  sink  to  itafonner  phoa  in  tlm  stes^ 
The  contraction  which  the  water  suffers,  at  every  in* 
crease  of  pressure,  exceeds  not  indeed  the  20,000th 
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purt  of  wliat  air  would  imdei|go  ia  lik»  ^ireuttritan-. 
oas ;  but  it  is  equ^ly  faal,  and  evinces  an  inherent 
l^ro^erty  of  that  liquid.  Mercuiy  treated  in  the 
same  way  diows  a  cwitraction  three  times  less  tlum 
water.  Alcdliol,  ether,  oils,  and  the  variowi  adds 
aad  saline  solutionsp  are  all  condensed  or  expanded* 
tfaoui^  in  different  degree^  by  the  diange  of  at- 
mo^ieric  ^^essiure* 

If  t&e  stem  of  the  iqstrament  now  maitioned  were 
made  to  sm^ew  to  the  ball  at  a  wide  aperture^  frag^ 
flienks  of  sdid  bodies  eouM  be  easily  introdiiDed,  and 
the  vacant  space  filled  up  with  water;  the  coutrae- 
4iaa  <tf  this  portion  of  water  bang  deducted  from 
the  contraotion  of  die  mistupei  would  give  the  dil- 
tinet  condensatiflti  of  the  hard  nateriais..  In  this 
way,  the  compressihility  of  the  vacidus  stones  aad 
ncteb  coudd  be  aoeuratriy  examwed.  A  series  of 
texperiMente  of  diis  nature  would  esseotiaUy  eonjbri- 
iNite  to  the  inqirovemant  of  the  iQedhanicsl  art^ 

lltt  conlraclaon  and  diatenaian  prodMod  by  ek- 
4cfMl  or  iatemal  pgcsnuio  on  glass  is  quite  viiible^ 
in  «  thermsaeter  with  a  laige  bulb  and  viery  lofig 
tuAtL  When  the  mereury  atanda  «ear  the  to|^  ^ 
the  aealc^  it  will  immediately  rise  on  reclining  the 
^nbe,  and  «nU  oontinue  to  flow  till  the  thiGraiMietor 
has  hMtt  fevaoMl  (  but  the  mercury  will  agsia  ea- 
teat,  aa  the  instfwnent  is  hroi^iht  bad^  to  its  ver* 
tieil  poaitioB.  Ihsseiq^erinwutfrnivefithst  the  bulb 
has  its  caipaoity  aensibly  enlsjqged  by  the  thrust  of 
the  mercurial  column. 
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Wlien  long  bars  of  wood,  iron,  or  other  metals 
are  laid  horizontally  on  supports,  they  bend  down- 
wards  by  their  own  weight,  and  this  depression  is  in- 
eieaaed  by  alimenting  the  kcumbent  pressure.  See 
^.  1.  The  upp»  fibres  are  therefore  drawn  into  a 
narrower  curve  than  those  in  the  middle  of  Ae  bar, 
while  the  under  filwres  are  ea*ended  into  a  wider  con- 
vexity :  the  particles  of  the  former  are  thus  contract- 
ed, and  those  of  the  latter  distended.  It  is  likewise 
•obvious,  that  in  this  incurvation,  the  contraction  ot 
dilatation  occasioned  vnll  be  proportional  to  the 

thickness  of  the  bar. 

The  various  kinds  of  wood  are  far  more  compress- 
ible than  water,  Mid  suflfer,  hence,  a  very  consider- 
able degree  of  condensation,  on  being  l*t  down  to 
great  depths  in  the  ocean.  Pieces  of  oak,  ash  or 
^im,  plunged  two  or  three  hours  in  a  calm  sea,  at 
the  enojmous  depdi  of  a  thousand  fathoms,  and  then 
drawn  up,  have  been  found  to  contain  four-fifths  of 
Iheir  weight  of  vrater,  and  to  acquire  such  increase 
of  density,  as  indicates  a  contoaction  of  the  wood  in- 
to about  half  its  previous  volume.  Ihe  specimens 
which  have  undergone  this  singular  change,  if  thrown 
into  a  pail  of  water,  will  sink  like  a  stone.  Hence 
probably  the  reason  why  barks  lost  near  the  shore  are 
afterwards  discovered  by  their  timbers  breaking  up 
and  floating  to  the  surface ;  while  the  ships  wUch 
founder  in  the  wide  ocean,  acquiring  permanent  den- 
sity from  the  vast  compression  they  sustain,  remain 
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motionless  at  the  bottom,  and  never  rise  again  to  dis- 
close their  fate. 

But  pieces  of  wood,  even  of  the  softer  kinds,  whe^ 
ther.  ronnd  or  square,  may  be  easily  squeezed  in  the 
direction  perpendicular  to  their  fibres,  by  the  actioA 
of  a  common  viee.  If  aHowed  t6  stand  aolj  a  few 
minutes  under  that  compression,  and  then  quickly 
thrown  into  a  jar  of  water,  they  will  sink  and  remain 
at  the  bottom.  If  the  wood  be  kept  much  longer 
under  the  vice,  it  will  take  a  «0^,  and  become  con- 
stitutionally denser.  Even  eoi^  may,  by  compres- 
non,  be  made  to  sink  in  water  ;  but  as  its  texture 
is  nearly  uniform,  the  fbree  must  be  exerted  on  all 
ffldes.  Into  a  thick  and  Very  strong  glass  cylinder, 
having  a  syringe  adapted  <o  it,  inttoduce  a  lai^e  cork 
ball,  and  inject  the  air  by  smart  and  powerful  strdtes  ; 
the  ball  will  gradudly  shrivel,  till  it  has  contracted 
even  to  less  than  one-third  of  its  usual  bulk  ;  but, 
on  allowing  the  charge  of  air  to  escape,  the  coii: 
will  speedily  resume  its  former  shiipe  and  dimen* 
^ons.  If  the  condenser  be  partly  filled  with  wa- 
ter, on  which  the  ball  of  cork  is  set  to  float,  it  will, 
under  a  13te  compression,  though  it  has  a  minute 
portaon  of  the  liqind  driven  into  its  substance,  shrink 
io  neariy  the  same  size  as  before,  and  soon  fid! 
to  the  bottom*  Hence  the  success  of  the  com- 
mon experiment  at  sea,  of  letting  down,  in  calm  wea- 
ther, to  the  depth  of  twenty  or  thirty  firthoms,  an 
empty  corked  bottle,  and  then  drawing  it  up  full  of 
water,  though  the  cork  still  remains  in  the  neck. 
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The  water  is  not  in  this  case  forced  througn  the 
pores  of  the  cork  as  generally  supposed,  but  the  cork 
itself,  being  condensed  by  the  lateral  pressure  of  the 
incumbent  mass  of  liquid,  allows  it  to  enter  by  the 
ttdes  and  dislodge  the  air. 

Bodies  are  also  contracted  or  dilated,  from  the 
op^nrfion  of  some  internal  causes  Thus,  dry  air  is 
visibly  expanded  by  its  union  with  moistiue.  If,  in 
a  warm  ro(»n,  the  inside  of  a  tali  flask  be  wetted  by 
a  few  drops  of  water,  and  the  mouth  invcsTted  in  a 
bason  of  water,  the  contained  air,  in  proportion  as  it 
becomes  humified,  will  discharge  a  cq^nous  stream  of 
bubbles.  On  the  other  hand,  a  notable  c<mtraction 
of  thedr  joint  volume  is  produoed  in  the  absoiptaim 
of  water  by  saw«dust,  linen,  or  bibulous  paper.  The 
comhinatiim  of  equal  measures  of  water  and  alcdud 
is  accompanied  by  a  eontractian  amounting  to  the 
fiftieth  part  of  the  whole  bulk,  A  sknilar  effiact 
ivfults  from  the  solution  oi  the  sulphate  of  soda, 
^  other  highly  soluble  salt& 

Tbe  alliage  of  diflferent  metals  oftstn  betrays  a  lai]ge 
contraction.  TW  power  of  tin  ^  condense  colter 
in  the  cop^MMtioa  of  btonaes  was  even  rsiparked  by 
die  aBcientii^  who  oomWoied  these  metals  in  various 
psnipMtionB,  tofdMrm  ihm  knives^  chisels  or  hatchets. 
jBqual  bulks  of  tqi  and  tepper  are  found  to  suflfer  a 
contraction  amonntiiig  to  not  less  than  the  fifteenth 
part  V  their  whole  volione. 

A  liquid,  in  joiailig  any  solid  substance,  commonly 
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occafflops  a  goieral  eontrackioQ ;  but  the  solid  itself 
Hiay  yet  bj  tikis  aoeesdon  expud  with  prodigbiis 

SoMB.  Tfausydrypeat  being  rammed  into  ft  gimbarreU 
and  thdr  intevatkes  fiUtd  with  water,  will  in  a  abort 
tme  burst  the  barrel,  in  like  naaner,  if  wedges  oi 
soft  dry  wood  be  driven  into  dits  made  with  a  aftW 
in  hlocto  of  Huosioae  or  mariile,  and  then  have  water 
pooned  vfoa  them,  theae  wedges  will  foickly  awell 
and  rend  the  rock.  Such  was  the  ancioit  mode  of 
quarryingt  before  the  explosive  power  of  gunpowder 
eame  to  be  introduced.  It  is  still  practised  in  the 
art  of  cutting  mill-stones  in  France,  holes  being  bo^ 
red  at  intervib  in  a  line  drawn  across  the  block,  and 
wooden  plugs  driven  into  tfaem^  and  then  wetted. 

Hence,  if  the  side  of  a  thin  piece  of  wood  be 
moistened,  it  will  bend  backwards,  the  humidity  in- 
sinuating itself  into  the  soft  parenchymatous  matter 
between  the  fibres^  and  therefore  enlarging  thecjrele 
of  flexure.  The  thinner  the  wood  is  sliced,  the 
greater  will  evidently  be  the  incurvation  produced  by 
the  wettng  of  its  c<mvex  surfoce.  The  fibres  of  hair 
and  woq1»  by  the  unequal  rubbing  and  moistening  of 
tibeir  sides,,  are  made  to  curl  up,  and  to  condense 
like  a  due.  On  this  property  seems  to  be  really 
founded  the  very  in^rtant  prooess  of  milling,  fuU- 
ing  or  felting,  by  which  a  raw  web  of  woollen  cloth 
is  tkiekened,  and  its  texture  rendered  firm  and  com- 
pact. 

A  leatikem  thong  is  extended  by  wetting,  and  so 
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are  the  fikmento  of  hemp  or  (kx  when  laid  paralleh 
Bttt  the  moisture  spreads  dae&j  through  the  loi^^ 
tudinal  interatieea  of  those  fihanents,  and  coom^ 
quently  enhurges  their  fchinkness*  As  a;  henqpeu  cord 
is  shortened  by  tmsting^  so  is  it  likewise  contaaoted 
by  wetting,  the  diameter  (^  the  coil  being  thereby 
increased,  and  the  extension  of  the  OTeilapping  fibrta 
hence  proportionally  curtailed*.  If  a  qpui^e  di]^ 
ed  in  hot  water  be  drawn  more  than  once  along  a 
welUspun  rope,  it  wiH  in  dry  weather  occasion,  du- 
ring the  space  perhaps  of  an  hour,  a  oontractma 
amounting  to  the  fifteenth  or  twentieth  part  of.  the 
whole  l^igth.  litis  remarkd[>le  property  has  m 
some  instances  been  employed  as  a  very  efficient 
mechanical  agent. 

The  most  powerful  principle  of  internal  espan* 
sion,  is  the  introduction  of  Heat  This  enei^ 
Taries  exceedingly,  hower er,  in  diffisrent  substances^ 
but  it  can  always  be  reduced  to  calculation,  by  com- 
paring its  ^ects  with  the  opposite  influence  of  ex- 
ternal compression.  Thus,  the  same  absolute  por- 
tions of  heat  ccminiunicated  to  cylinders  of  one  indi 
diameter  and  height,  of  air,  alcohol,  water,  mercury 
and  copper,  would  end[>le  those  columns  respecti^y 
to  sustain  the  weights  of  10,  12,  S  and  2  pounds. 

The  properties  which  may  be  regarded  as  only 
Contingent,  and  not  Essential  to  the  Constitution 
of  Bodies,  are  MoBiLrrr  and  PdKDEROSiTY. 
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L  Every  body  «t  lest  can  fae  pat  in  tnofMHii  and 
if  no  impediment  iatenreneBy  lUs  duuige  may  be 
efteted  liy  the  stig^btiest  eactflnud  inopMakm.  Thtia^ 
the  largest  caaDfen-batt,  ampeodfld  fiiMly  by  a  rod 
.«r  duda  from  a  lofty  eieHii^,  is  vtaBuJly  agitated  by 
the  koriaaartal  stroke  of  a  siraiMbet,  which  has  gain-* 
ed  some  Telocity  in  its  deaeent  through  the  aie  of  a 
pendiiliim.  In  like  manner^  a  ab^  of  any  burthen 
ii^  in  calm  weadwr  andaaeoth  water,  gnduaUy  puU« 
ed  along  eren  by  the  «iertiona  of  a  hoy.  .A  cer<« 
tttoi  meaaure  of  foice>  indeed,  is  often  requked  to 
emunence  or  to  maintain  the  motion ;  but  this  leon- 
sideration  ia  wholly  extrinaicy  and  dqiends.  on  the 
obstacles  at  first  to  be  overcome,  and  on  the  roais* 
tance  which  is  afterwards  encountefed«  If  the  ad- 
hesion and  intervention  of  other  bodies  were  abso- 
lotely  precluded,  motion  would  be  g^aerated  by  the 
amaUest  piesaurei  and  would  coatina^  wi^  undimi* 
niabed  energy. 

IL  The  odier  Contingent  Ptoperty  of  Bodies  is 
PoMBSBABiLiTT.  '  Every  subsfanco  willuiii  our  sphere 
of  observation  is  found  to  possess  ^9ei^,  or  a  dufpo* 
ntkn  to  gnwitcite  tawartU  Ae  centre  ^  Me  earth. 
But  to  oenstitute  gravity»  it  is  not  fequired  tiiat  9 
body  should  invariably  ftlt  to  the  ground.  Smoke 
ascends  in  the  atmospherot  and  a  lump  of  lead  rises 
in  a  tube  of  m^ircuryy  from  the  same  rause  that  a  pine 
tree,  plunged  into  a  lake,  mounts  again  to  the  sur* 
face.    Withdraw  the  air,  the  mercury,  and  the  wa* 
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ter»  which  supported  those  comparatively  lighter  suh- 
ttanees,  and  the  smoker  the  lead^  and  the  timbi^, 
will  immediately  descend.  Pour  meicury  over  a 
smooth  piece  of  oork  applied  to  the  bottom  of  a  glass, 
spd  it  will  lei^ain  in  the  same  dtuationy  while  an 
iron4iall  can  be  set  to  float  on  tike  liquid  metal.  Hie 
order  of  Nature  might  here  seem  to  be  ravened.  But 
since  mercury  does  not  insinuate  itself  through  a  t^ 
narrow  interstice,  it  merely  rests  on  the  upper  side, 
without  pressing  against  the  under  side,  of  tiie  cork. 
If  Levityj  however,  as  the  Schoolmen  asserted,  had 
been  a  real  property  belonging  to  certain  bodies,  the 
smoke  and  the  coik  would,  in  every  instance,  have 
occupied  the  lower  stations. 

But  the  weight  of  a  body  is  not  the  same  in  all 
places  and  situations.  A  lump  of  lead,  which  weighs 
a  thousand  pounds  at  tike  surface  of  our  globe,  would 
lose  two  pounds  as  indicated  by  a  spiral  spring,  if 
.carried  to  the  top  of  a  mountain  four  miles  high ; 
and,  if  it  could  be  conveyed  as  deep  into  the  bowels 
of  the  earth,  it  would  lose  one  pound.  The  same 
mass  transported  from  Edinburgh  to  the  Pole  would 
gain  the  addition  of  three  pounds  ;  but  if  taken  to 
the  Equator,  it  would  suffer  a  loss  of  four  pounds 
and  a  quarter. 

The  variable,  and  therefore  contingent,  weight  of 
bodies,  is  only  the  gradation  of  that  mutual  and  uni- 
versal tendency,  diminishing  as  the  square  of  the  dis* 
tance,  which  retains  the  Moon  in  her  orbit,  and  up- 
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holds  th^  cireulalion  of  tbe  whole  syutem  of  Planets 
around  the  Son.  The  gravitefeion  e:7en  of  maU 
nutts^  towards  each  other,  audi  as  baBs  of  lead  se^^^ 
parated  only  by  the  intenRal  of  ajGw  iochfs^.haa 
been  delyect^  by  d^Ueate  expeiioiwty  and  radoqefl 
to  rigorous  calculation.  But  when  the  approxim*^ 
tion  is  c\m^^  iim  iofee  «)yu»8;ajTH)di^ 
ter,  i^d  pa^pes.iiito  CM^fiWW  i  Thus,  if  two.  leadait 
buU^  haye.%  little  "fflT^psipf  ^}ift.au]^aae^offj0pmh. 
piOed  ,fil^fM3>:  and  be  then. ^es^d.  .together:  Vfit}ii  a^ 
sl^t.|;wi4,  they  wil}  .cohere  firody  into  one  mass. 
In  the  sam^  waimer^gold  or  aiker  foliage  and  other 
(Nnuo^nts^  struck  with  a  heasvy  hamaer  into  the  vasi'* 
fi^e  of.  polished  iron  of  steel,  beccnse  pennaaei^y^ 
unitc^.  > 

Within  other  iimijkSr  the  tendency  to  mutual  ap 
proach  is  changed  into  an  opposite  quality.  Thus,, 
drops  of  rain  or  dew  run  alopg  the  smoodk  and  glos* 
sy  surface  of  a  cabbage  leaf  without  spreading.  If 
the  dust  of  the  I^copodium,  or  Club-Fern,  or  even 
fine  pounded  romi,  be  strewed  on  water  contained  in 
a  gkss,  any  smooth  rounded  piece  of  soft  wood  will 
float  upon  it>  or  may  be  immersed  in  the  Jiquid,  with- 
out bdoig  wetted,  the' powder  preventing,  by  its  re- 
pttloon,  all  contact  of  the  water.  A  fine  needle 
laid  on  the  surface  of  water  makes  a  dimple  in  which 
it  swims.  On  the  same  principle,  the  slend^  limbs 
of  insects,  and  the  minute  down  which  covers  their 
wuigs,  protects  them  from  the  penetration  of  humi* . 
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cUty.  If  the  hand  be  nibbed  with  linseed  oil^  it  niay 
be  plunged  with'  impunity  for  a  few  eeeonds  in  boil-' 
ing  water,  the  oil  repeUing  the  water,  and  conse- 
quently cheekily  the  eamttUAieataaa  of  heat;  The 
i^lication  of  palm-map  to  the  skin  is  still  more  ef- 
fectual. 

It  thiM  aj^ears  that  bodies 'are  indefinitely  ponHis, 
compressible  witho«it  limits^  assd  capable  of  assmning^ 
all  varieties  of  foflh.  H6w  diftratt  iff  ihe  constitu- 
tion of  ice,  of  wittAr,  tiid  d"  steam?!  EKaittfne  the 
mutable  aspects  which  mercury  exhibits^  BegtnUng 
at  a  low  degree  of  cirfd,  aiid  ascending  tiireugb  the 
gradations  of  heat,  we  find^  it  a  triable  solid,  next  a 
shining  liquid,  then  a  penetrating  vapour,  and  lastly 
reduced  to  a  fine  red  powder,  A  bright  piece  of 
any  of  the  dodtte  metals  passes  suoceSBirely  into  on 
earthy  oxide  and  a  pdlucid  glate.  Chiutoal  is  ab- 
solutely of  the  saiM^  nature  lis  the  dia^Mid ;  yet  what 
a  contrast  bMween  the  dingy  a^peaitinee  of  the  one 
and  the  daazling  lustre  of  the  otiiep  9  How  various^ 
ly  are  substances  transfdrmed  by  the  ^peratimis  of 
art  ?  The  skins  of  animals  become  changed  into 
parchment  and  different  kinds  of  leather,  and  its 
shreds  into  glue.  The  vegetebte  fibres  are  ccmverted 
into  matting,  cordage,  and  linen  dMh  ;  and  the  rags 
of  this  again,  reduced  to  a  pulp,  and  mauufiKflured 
into  paper. 

How  diversified  appear  the  compounds  of  «the  fa- 
rinaceous substances  !    By  a  distinct  operation,  the 


NATURAL  PHILOSOPHY.  $5 

temegmun  produces  gruel,  luread,  biflcuity  starch,  und 
a  hard  pelluaid  ooncretion  resembling  mother  of 
pearl.  But  the  plaatic  powers  di^lagred  in  the  pro- 
cess of  ftgetaticNEi  and  aoinal  life  infinitely  surpass 
the  leaources  of  art»  Manjnplanta  are  fed  by  water 
and  air  alone,  an^  x»>nsequently  these  fluids  are  ca* 
pable  of  being  tranamuted  into  all  the  various  pro-^ 
duets*  In  ahinrt.  Nature  exhiUta  only  a  chain  of 
endless  metamorpho^fti :  The  substance  or  material 
smaina  unchanged,  but  ^  its  form  undergoes  contir 
ttoai  mutations. 

The  prc^itiea  of  bodies  result  from  those  of  their 
component  particles.  At  certain  mutual  distances 
they  remain  quiescent ;  but,  at  other  distances,  they 
diew  a  disposition  either  to  approach  or  to  recede. 
Such  opposite  tendencies  are  cpmrnonly  referred  to 
the  piuu^es  of  attraction  *  and  rqmlsian.  But  all 
those  diveraified  effects  may  be  comprehended  under 
a  general  law^  whiclii  coivoects  the  n]^tual  action  of 
particles  witib  their  relatiTe  distance.  In  the  lan- 
guage of  modem  analysist  the  corpuscular  energy  is 
alivttya  -scme/iiMc^wm  of  the  distance  i  and  it  may  be 
represented  by  an  extended  curve,  of  which  the 
abadssss  mark  the  distances,  and  thep:  ordinates  ex- 
pi^sa  the  eorreqKmding  forces.  Fig.  2.  exhibits  this 
onnre  of  primordial  action ;  in  which  A  denotes  an 
action  or  ultimate  particle,  and  B,  C,  D,  E,  &c.,  the 
successive  positions  of  another  particle,  the  perpen- 
diculars CM,  £N,  GO,  IP,  LQ,  &c.,  representing 
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their  mutual  acti<m  attractive  between  B  and  D^  F 
and  H»  K  and  X,  when  above  the  axis  AX^  and  re- 
pulsive between  D  and  F,  H  and  K,  below  it.  The 
final  branch  of  the  curve  «u8t  gradually  assimilate 
itself  to  the  law  of  umversal  gravitation.  But  the 
primary  branch  of  the  curve  must,  in  like  manner^ 
continually  approach  AY,  the  perpendicular  to  the 
axis ;  and  since  no  pressure  or  impulsion  can  ever  ac- 
complish the  penetration  of  matter,  it  follows,  from* 
theprinciples  of  Dynamics,  that  the  space  included  be* 
tween  the  curve  and  that  asymptote  must  be  ir^nUe. 
Where  the  curve  n^eatedly  crosses  the  axis,  are  so 
many  quiescent  positions,  B,  I>,  F^  H,  K,  ftc.  vet 
any  one  of  which:  a  partkle  would  continue  in  equi^ 
librio.  But  this  equilibrium  is  of  two  kinds, 'the 
stable  or  the  instabk  ;  the  former  easily  recovering 
itself  from  any  slight  dii^lacement,  and  tfie  liitter 
when  once  disturbed  being  irremediably  dissolved. 
If  the  curve  in. its  progress  cross' 'the  axis  fh)m  thd 
side  of  repulsion  to  that  of  attraction,  its  iiitersee- 
tion  will  evidently  be  a  point  of  stability  ;  for  if  a 
particle  be  pushed  inwards,  it  will  then  be  repelled 
back  again ;  and  if  it  be  pulled  outwards,  it  will  ex* 
perience  an  attractive  force,  which  nil!  recall  it  to 
its  first  position.  But  if  the  curve  pass  from  attrac-. 
tion  to  repulsion,  its  intersection  with  the  axis  is  a 
point  of  instable  equilibrium  ;  for,  in  proportion  as 
a  particle  is  pressed  inwards,  it  will  be  pulled  forci- 
bly from  its  position  ;  and  if  it  be  drawn  outwards. 
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the  repuWon,  now  conspiring,  will  bear  it  along  with 
accumulating  power.  Thus,  B»  F  and  K,  the  tran«- 
sitions  from  repulsion  to  attraction,  are  points  of  sta- 
bility ;  but  D  and  H,  the  opposite  transitions,  are 
pouafit  of  inattdbility. 

Accoiidil^  %ir  the  ordinates,  near  the  pointa.  of 
tnoisitictiiy  iocrease'less  or  more  rapidly,  the  tendency 
of  the  pdMiiEies  to  coalesce,  or  to  sqiarate,  will  be 
proporticMiBUy  feeble  or  intense.  If  the  curve  cut 
die  axis  very  obliquely,  therefore,  it  will  mark  a  limit 
of  languid  cohesion,  as  at  the  point  F ;  but  if  it  shoot 
nearly  at  right  angles  across  the  axis,  as  at  B  or  K, 
it  will  indicate  a  limit  ofpowerfid  cohesion. 

Those  atoms  or  ultimate  particles  have  no  sensible 
magnitude.  But  though  the  range  of  our  concep- 
tions may  be  unbounded,  every  thing  in  the  material 
world  appears  to  be  distinct  and  determinate*  Ex- 
perience indeed  informs  us  to  what  astonishing  de- 
gree matter  can  be  attenuated  ;  but  philosophy  de- 
scries the  existence  of  certain  fixed  or  impassable  li- 
mits at  which  the  capability  of  farther  subdivision 
utterly  ceases.  The  primordial  line  of  action  is  hence 
a  physical,  and  not  a  mathematical,  curve  ;  or  it  is 
not  strictly  incurvated  at  every  point,  but  proceeds 
by  successive  minute  deflections,  corresponding  to 
the  breadth  of  the  elementary  particles.  Such  a  mo- 
dification of  the  curve  is  represented  by  fig.  3. ;  be- 
ing a  serrated  line,  whose  gradations  answer  to  the 
successive  stages  of  corpuscular  action.     Continuous 
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shades,  indeed,  exist  only  in  our  modes  of  concept 
tion ;  and  Nature  exhibits  always  individual  objects^ 
and  advances  by  finite  steps. 

The  material  world  is  thus  reducible  to  atcnus, 
actuated  by  forces  depending  merely  on  their  mutual 
distances.  From  such  sim^e  elements— ^e  diffe- 
rent arrangements  of  the  particlecH-*end  their  mul- 
tiplied interior  combinations,  this  sublime  scene  of 
the  universe  derives  all  its  magnificence  and  spfen- 
dour. 
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II,  STATICS 

Imports  the  stability  resullaiig  from  the  balance  of 
comieeted  bodies.  It  therefore  explains  the  con<- 
ditions  that  must  detennine .  any  material  system, 
among  the  several  parts  of  which  a  mutual  action  is 
exerted,  to  maintain  the  state  of  quiescence. 

Our  ideas  of  Power ,  Fcrce^  Action^  Energy ^  and 
other  mnSar  olgeets  of  contemplation,  seem  all  to  be 
derived  from  the  muscular  effort  which  we  £nd,  in 
our  operations,  required  to  precede  or  produce  every 
external  change.  This  feeling  we  spontaneously 
transfer  to  inanimate  bodies  themselves ;  and  while 
the  effibcts  are  the  same,  we  associate  likewise  their 
oriffSL  with  the  same  terms.  JPoro^  in  its  simplest 
form,  may  hence  be  represented  by  weighty  whether 
this  be  made  to  act  \x^  prewure  or  by  tractiany  or 
whether  it  jntfAes  or  daxwos  the  point  of  attachment* 
Finoer  and  energy  are  more  complex  conceptions, 
andmayber^arded  as  the  resujts  o^  modifications  of 
the  application  of  force. 

The  fimdam^ital  principles  of  Statics,  however 
few  and  simple,  are  to  be  discovered  only  by  experi- 
ment, or  an  appeal  to  the  actual  constitution  of  Na- 
ture,   l^ut  the  primary  relations  being  once  detect- 
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ed,  their  various  combinations,  and  the  whole  train 
of  derivative  properties,  are  easily  traced  by  the  help 
of  Geometry, 

To  exclude  all  unnecessary  complication,  I  shall 
consider,  in  this  in^piiryv  thfe  forces  as  directed  to 
single  particles  or  physical  points.  These  forces  may 
be  conveniettftly  measured  by  hdlp  of  a  qnxal  ^teel 
spring  lodged  in  a  thin  cylindrical  ease,  thetnetiaD 
or  weight  Allied  to  it  being  indiested  by  the  pro- 
trusion of  a  ditided  sciie  fixed  to  ifae  rrawte  end  of 
the  spiral.  It  wili  be  anlBteietit  to  Isxamine,  1«  The 
equiUbriUflii  offM>^>roes;  and,  S.  TheeqtulSnriam 
of^r^e  ibices,  in  the  lindited  ease  where  two  of  theae 
are  equal. 

1.  Let  (fig.  4.)  the  arpring  A^  holding  a  little  ball 
P,  be  suspended  from  a  hoidc,  and  to  tke  lower  side 
of  tW  ball  af^ttd  another  similar  Sjprmg  £•  If  novir 
a  weight  of  10  pounds  be  ittaohed  to  the  end  of  B» 
both  the  scales  will  descend  till  the  ball  P  comes  to 
rest,  when  they  will  stand  opposite  in  the  same  rer* 
tieal  line»  and  each  mark  10.divisioas«  If  10  pounds 
more  be  added,  the.  scales  will  lengthai  still  farther 
in  the  same  direetioiis,  and  indicate  the  strain  of  20 
pounds.  Iff  instead  of  hooking  the  haH  P  immedi* 
ately  to  springs,  a  piece  of  small  cmrd  be  fastened  to 
each  side  of  it^  and  Aen  attached  to  those  springs, 
the  result  will  be  precisely  tile  siuaie  {the  tension  of 
aiHy  weight  applied  being  still  directed  in  the  per- 
petfdieukiri  and  indicated  alike  by  <both  ^scales.    The 
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SHBie  eActs  will  take  place,  i^  imtaad  of  we^hta^  aa 
eurdon  of  animal  power  bad  been  applied. 

It  bence  fidlowB,  that aiodywM remain  at  nM^ 
Hie  urgiBd by  equal  tmdcjppOsi^  Tlnstnitb 

«r  cmimonly  assamed  as  intuitite ;  bat  if  tbe  pr»- 
positbn  appears  now  so  simple  and  natund  as  readily 
to  command  our  assent,  itis  only  baeaiise  it  accords 
^1^  tlie  ittjfonnattoii  cf  oar  earliest  experience. 
The  nntutored  mind  will  haMy  admit  tld&gs  tbat 
MS  Maost  errMieotts. 

2.  Let  two  siaular  springs  be  atlaobed  at  tbe 

poitfts  A  and  B^  (^.  5.),  skiiate  in  a  bbruontal  Une 

at  the  intenral  of  twenty-^Mir  inches,  and  c<mneet 

their  ends  by  a  silk  thread  capable  of  being  length- 

emed  at  pleasnre,-  and  from  the  ndddle  of  which,  at 

the  pmnt  G,  soccessife  we^hts  can  be  appended. 

It  will  soon  be  percevved  tibat  the  direction  CW  of 

the  weight  will  Inie^  the  ai^le  ACB^  and  occupy 

the  same  irartical  plane.    When  the^  weight  is  in- 

creased  j&om  €  to  4  pounds,  the  4M>rreqpondmg  de» 

pessioa  DC  will  increase  ykewise  from  I  to  9  mohes, 

while  the  stndn  at  A  aaid  «t  B  will  stiUjgseafliWFe  IS 

pomndb.    'Btkt  on  ftrthes-  augmenting  th*  weight, 

thong^^the  ^umtity 'Of  defumsiisn  viU^^^ont&Mie  to 

follow  the  same  ratio,  yet  th^  force  of  oUiqte  tMw^ 

tiea  win  new  begfin  to  increase.     If  the  wdght  he 

-10  pbunds,  thedepresaion being  d«  inches,  the  poitals 

A  and  B  wiU  be  drawn  in  the  direetions  AC  and 

BC>  each  with  i^  force  ^ual  to  19  pounds.  Again^ 
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if  the  weight  api^ied  at  C  amounted  to  18  pouiidi» 
the  depression  DC  would  be  9  inches ;  but  theatnin 
at  A.  and  at  B  would  reach  15  pounds.  And»  fi- 
nally, on  augmenting  the  weight  to  82  poimds»  and 
lengthening  the  throad,  the  depression  will  ineeease 
to  16  inches»  while  the  atniin  of  each  ^ring  will 
amount  to  .20  pounds. 

.  It  is  easy  to  sec^  that  since  the  angle  ACB  is  al* 
ways  bisected^  one>hal£  of  the  weight  at  C  is  sup- 
ported by  the  oUifue  traction  of.tbo  i|Niing  A,  while 
the  other  half  is  suppotted.by  the. equal  and  siaiilar 
traction  of  the  tapxing  B*  But  when,  half  the  we^ht 
waa  &  po«iidi»  and  the  dt^ression  DC  5  inchcim  the 
bypotenuse  AC  must  have  been  13inches»  while  the 
strain  in  that  direction  measured  IS  pounds.  In 
like  manner^  when  DC  waa  9  end  16  inchesi  the 
hypotenuse  has  hem  16  and  190  inohes^  and  the  strain 
at  A  and  at  B  indicated  so  maify  poundi»  The/orce 
by  which  the  point  C  ia  pulled  in  the  diqectian  CA, 
is  to  the  weight  by  whicb  it  ia  drawn  in  the.diraction 
CWor  DC»  as  AC  to  CD»  or  asmdius  to  thecomie 
of  the  angle,  ACD.  In  graeralt .  theigefor0»  it  fid- 
lows  fix>m  this  simple  experiment^  that  the^  cbUgue 
action  qf  anjf  foree  U  prepmtkmal  iQ  the  conne  ^ 
it8  incUnaiicn. 

Not  to  embarrass  the  inv estigationt  I  have  thrown 
out  of  sight  the  weight  of  the  spiral  ^riiigSy  which 
could  be  rendered  very  inconsiderable.  But  the 
experiment  is  greatly  simplified,  by  substituting  for 
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those  springs,  fine  pulleys,  over  which  a  long  thread 
is  passed,  holdfaig  an  equal  w^ht  at  eaoh  &id ;  for 
it  is  readily  peMeived  that  the  only  efibct  of  the  pul- 
ley is  to  change  the  duDsetion,  without  iiqpairing  its 
intensity,  of  any  £m»  i^lied  at  the  cirrasiference. 
The  priiici{rie  now  derived  from  ofaserratiim  will 
enable  us  taassign  the  conditions  under  which  any 
two  forces  are  balanoad  by  a  third  force.  Let  a 
physical  point  A  (ig.  6.)  remain  at  lest,  while  it  is 
drawn  by  three  fofoes  in  the  seyeral  directions  AB^ 
AC  and  AD,  expounded  w  lepvesented  by  the 
lengths,  of  those  Unas.  Produce  pA  till  A£  be 
equal  to  it ;  and  the  face  AE^  h&oig  thusei|aal  aod 
opposite  to  ADf  must  esert  the  same  efiect  aa  the 
joint  action  ef  AB  and  AC.  Through  A,  draw 
GAHat  i^ht  angles  to  D£,  meeting  the  parallels 
BGandCH*  Wherefose  the.  oUi^pie  action  of  the 
force  AB  on  the  point  A  is  expressed  by  AG ;  and, 
for  the  ssme  reason^  the  oblique  action  of  AC  is  de- 
noted by  AH«  But  since  the  p<mit  A  C9iitinnes  at 
rest,  the  equal  forces  AG  and  AH,  by  which  it  is 
urged,  must  Iflietarise  be  exactly  q^iposite.  Conse- 
quently the  lines  AG  and  AH  lie  in  the  same  plane, 
and  ^lefore  the  force  AD,  or  its  extension  A£, 
must  idways  act  in  the  plane  of  its  balancing  forces 
AB  and  AC.  But  the  force  AB  draws  the  point 
A  in  the  direction  A£,  with  a  force  represented  by 
AP ;  and  the  force  AG  draws  it  in  the  same  direc- 
tion, with  a  force  expressed  by  AI.    Wherefoxe 
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these  two  forces  AF  aiid  AI  are  equivalent  to  the 
resulting  force  AE,  and  henee  the  segment  FE 
must  be  eqnai  to  AI.  Join  EB  imd  EC  ;  and  the 
triangles  EBF  and  ACI,  laving  the  side  F£  equal 
to  i  A,  tile  mde  FB  or  AG  or  AH  equal  to  I€»  and 
the  contaftied  angle  EFB  equal  to  the  right  angle 
AIC,  are  eqAal.  Whence  the  aa^  FEB  is  e^ial 
to  I  AC,  and  these  angles  being  alternate,  the  side 
BE  ii^  parallel  to  AC$  but  di[07  are  equd^  and 
therefor  AB  and  CE  are  likewne  ^antlisl.  Wher^ 
Jbre,  if  ike  Khw  eUpfeisinff  miff  two  firces  hef&HH/i- 
ed  into  a  parattelofffawii  its  fiHagomid  wM  eapownd 
t^  residting  forcej  or  that  wkiek  ts  equal  tmd  tap' 
posUe^  to  the  third  or  baiAndnff  force. 

lUs  remarkable  property  is  csJled  the  PtiraUeh' 
ffram  of  Forces  ;  and  all  the  proMems  in  Statics  are 
reducible  to  the  compo8iti<)n  and  resolution  of  fintM;, 
or  to  the  finding  of  the  sides  of  a  pavallelograitt  firmn 
its  diagonal,  and  of  the  diagonal  from  the  sides  of 
the  figure.  But  the  solution  is  often  simplified^  by 
means  of  other  derivative  propertiM.  -i  •  - 

In  the  triangle  ABE,  it  is  evident  from  Hene 
Trigonometry,  that  -AB  :  BE  or  AC  :  ^  sip  A£B 
or  CAE  t  sin-BAK  When  twojwvesy  titeveftK, 
btdanoe  an^  third  farooy  th^  are  inoerodff  <jim  Ae 
sines  efthe  angles  ^kiok  tkey  make  with  itk^  ^*  '^ 
.  If  A£  (fig.  7.)  be  made  radius,  the  perpendi- 
culars EK  and-  EL  mN  evidtently  be  ^the  sines  of 
4lie  angles  BAE  and  CAfi.^  \l%eyefoi*e,  Whet^two 
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farcer  bfdance  a  third  firce^  the^  are  tkv&rUfy  pro* 
portumal  to  the  perpendunslars  Jet  faU  fimm  cmff 
point  in  its  extension  upon  the  Unes  representing 
them. 

From  the  point  A»  (fig.  70  draw  AM  imd  AN 
perpendiculsi:  to  AB  «nd  AC»  and  teioiinabed  by 
MONy  aperpeadknW  to  AJB*  The  exterior  jingle 
MAJS  .is  equal  to  both  the  interior  angles  AMO 
and  MOA^  andJalung  ax^ay  the  right  angles  MAB 
and  MO  A,  and  there  remaiiui  the  angle  BA£  equal 
to  AMO  or  AMN^  iui  like,  mamer,  the  angle; 
CAE  or  AEB  is  tpcofred  to  he  e^ial  y  tO:.  ANM. 
liHierefore  the  triangle  MNA  is  similar  to  AB£^ 
aailAfirtB£orAC:  :  AM:  AN.  Whenee^e^ 
fbross  in  eqmlArw  nre  proportional  respective  to^ 
eki  seeeroA  sides  pfrntriangls  drai»n  pegpendseUlbur 
to  their  dii'setions.  A  'trfangle  so  eodstnicted  is 
sometimes  eiilled  the  Trianffie  of  Forces. 

To  find  the  force  Resulting  from  the  ^mbinatiM 
of  steversl  forces  attmg  upon  a  point  in  the  same 
plane.  List  the  )peint  A  (%.  8.)  be  dMwn  by  the 
foreee  AB»  AC»  AP»  imd  AE,  extended  all  m  <9ie 
plane.  Complete  the  paraUelogvaKi  C ABF,  ttid  t]be 
diagmiaJr  AF  wiU  e^^ibit  the  resnlt  of  the  foroes  AB 
awi  AC.  Complete  the  paralle|i^cam  DAFG^  aD4 
its  diagonal  AG  wiU  expresfs.  tl^a^resu^  of  th^  t]vm 
foices  AR  AC>»odl  Aft. .  fe  lik^  jiM»M»r  fi^ 
the  paraMe^atm  £A<}H  ; .  a^  tfaie  disgAmd  AK 
wilhjrepresent  theif^ree  cpflapow94«diof  %ll:.%,ffiit 
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fbrcesr  AB,  AC,  AD,  and  A£.  But  the  constniC'' 
tion  may  be  simplified  by  drawing  the  lines  BF,  FG 
and  GH  equal  and  parallel  to  AC,  AD  and  AE, 
and  finally  joining  AH,  which  will  express  the  re* 
suiting  force* 

If  the  direetionA  of  the  forees  AB,  AC,  and  AD,. 
(fig.  9.)  lie  in  difier^it  plants,  ccnapiete  the  paralle^ 
logram  BACE,  and  the  diagonal  AE  will  express 
the  result  ci  AB  and  AC*  Next,,  in  the  plane  of 
AD  and  AE  complete  die  psraUelognon  DAEF,. 
and  die  diagonal  AF  will  represent  the. compound 
fi)rce,  wluch  thus  forma  the  dsagonal  q£  the  paralle* 
lopiped. 

J^  three  connected  ponUs  be  utged  bg  Areeba-- 
lancing  forces  in'the  mme  plane,  their  dissections 
idtt  akmye  tend  to  the  eame  centre.  Suppooe  the 
physicd  points  A,  B  ahd  C  (fig.  10.  and  11.)  to  be 
jiisposed  into  a  triangle,  eithier  by  threads  or  inflex- 
ible wires,  amd  let  them  remain  at  rest,  white  they 
are  pulled  by  forees  aKSti^g  in  the  directions  AG, 
BH  imd  CI,  these  lines  when  ^yrodueed  will  meet  in 
the  same  pomt  O,  either  within  or  without  tlie  trian-* 
gle.  For  from  O,  the  concurrence  of  GA  and  VLB, 
let  fall  the  perpendicHlars  OD,  0£  and  OF  upon 
the  sides  of  the  triangle,  and  jdn  OC.  The  force 
AG  is  held  in  equilibria  by  the  retraction  of  the 
threads  in  the  directions  AB  and  AC  ;  whence  the 
teimon  AB  is  to  the  tension  AC,  as  OE  to  OD. 
For  the  same  reason,  the  action  of  the  force  BH  ia 
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kepi  in  eheck  hf  the  threads  puiKng  the  point  B  in 
the  directions  BA  and  BG ;  consequently  the  ten- 
sion  BA  is  to  the  tension  BC  as  OF  to  OD.  But 
since  a  ^nend  equilibrium  obtains,  the  point  B 
must  be  drawn  with  a  force  equal  and  opposite  to 
tliat  with  which  the  point  A  is  drawn  in  the  direc- 
tion AB.  Wherefore,  by  equidity  of  ratios,  the  ten- 
sion AC  is  to  die  tension  BQ  as  OF  to  0£.  Bnt 
these  tensions  must  be  equld  to  the  opposite  tensions 
C  A  and  CB»  by  which  the  point  C  is  pulled  by  its 
attadied  threads.  The  balandng  fbree  CI  is,  there* 
fore,  an  exteaskm  of  OC,  and  passes,  through  the 
ssme  centre  O. 

If  the  centre  of  oemeurrence  O  Ues  without  the 
triasBgiOy  (fig*  ll.)»  ike  points  A  and  B  must  be 
connected  by  an  inflexible  rod }  ftur  the  force  AO 
is  checked  bjr  a  force  proportional  to  OD,  drawing 
the  point  A  in  the  diieetion  AC,  and  by  another 
force  prcportieBal  to  0£,  pushing  it  in^e  direction 
BA.  If  the  point  O  coiDCides  with  l^e  vertex  C 
^  the  triangle^  the  foroes  AG  and  BH  will  be  di- 
rected along  the  sides  AC  and  BC,  and  no  power 
will  be  exerted  at  the  base^  either  to  distend  or  con- 
tract the  mutual  distance  of  the  points  A  acnd  B. 

It  is  obvious  that  the  three  balancing  forces  AG, 
BH,  and  CI  will  ha^e  the  same  intensity  as  if  they 
originate  in  O,  the  centre  of  concurrence.  If, 
therefore,  K^OL  (fig.  12.)  be  drawn  perpendicular  to 
CO,  and  KM  and  LM  perpendicular  to  BO  and 
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AO»  the  sides  KI^  KM,  and  LM  of  the  triavigltf 
thus  formed  will  iiepresent  the  forces  CI,  BH  and 
AG- 

Any  oblique  force  AB  (fig*  IS.)  quay  be  decom- 
poeed  into  a  forcp  6C  perpei^dicvilar  to  a. given  planet, 
and  anot£ier  force  AC  coincident  with  the  plane,  ^ut 
such  a  force  may  likewise  be  resolved  into  three,  given 
forces  at  right  angles  to  co-Mordinate  plfuies.  Thi^ 
let  tibrci^  plants  mutually  perpendicular  pa^^  throitgh 
the  poiftt  A  (6g.  H')  i  ^}m  obliqye  fo^  AB  ijif^y 
be  reduced  tp  CB.pei^^dicular  to  tb^  plape.  A^Q* 
«id  CA  lyiRg via  t^at  pfenQ..,  Agsw, iti^e.  fonpe  fiA 
may  be  reduced  into  CE  perpendicular  to  .t|ie  ^p^Mie. 
AEF,  aad  CD  .perpen^cubr  to  ADG<  Wherefore 
the  oblique  force  AB  i»  decoinposed  i^to  tiw  per-, 
pmdioulak  forces  CB»  CD,  and  C£.   .     . 


Sniqpose  lit  were  required  to  fiod  the  figuK  wlm^ 
wo«dd  be  assmned  by  several  connected  inflexible 
lines  attached  by  the  eods  to  two  fixed  points,  md 
having  parallel  forces  applied  at  their  several  jun<>. 
tions.  Let  the  lines  AB^  BC,  CD,  D£  and  £F, 
consisting  either  of  threads,  as  in  6g.  1^.,  o^  of 
slender  wires,  as  in  fig.  16.,  tied  or  jomted  at  B,  C, 
D,  and  £,  and  fastened  to  the  points  A  and  F,  hive 
the  weights  or  parallel  forces  BG,  CH,  DI  and  £K 
applied  to  them,  and  pulling  downwards  or  upwards. 
To  maintain  the  equilibrium  of  these  forces,  it 
is  evidetat  that  the  compound  or  polygonal  line 
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ABCDEF  must  take  some  detenninate  form.  Thus, 
the  point  B  (fig.  15J)  is  balanced  by  three  forces,  or 
bj  the  weight  BG»  the  strain  BA,  and  the  strain 
BC ;  and  the  point  C  again  is  kept  at  rest  by  the 
strain  CB,  the  strain  CD,  and  the  weight  CH.  Ia 
like  manner^  the  points  D  and  £  are  each  mdntain* 
ed  in  equipoise  by  the  action  of  triple  forces,  com- 
posed of  vertical  weights  and  oblique  strains.  Tb^ 
same  forces  are  exerted  in  fig.  16.,  only  in  Of^osit^ 
directions,  the  strains  being  there  converted  into 
thrusts. 

But  the  strains  BA  and  BC,  (fig.  15.),  balancing 
on  both  sides  of  the  force  BG,  are  as  the  sine  of  the 
angle  CBG  to  the  sine  of  the  angle  ABG  ;  and  for 
the  same  reason,  the  strains  CB  and  CD,  exerted  at 
C,  are  aa  the  sine  of  the  angle  DCH  to  the  sine  of 
the  angle  BCH.  Now,  the  points  B  and  C  being 
both  at  rest,  the  strain  BC  must  evidently  be  equal 
to  the  opposite  strain  CB,  while  the  sine  of  CBG  is 
equal  to  the  sine  of  its  supplemental  angle  BCH. 
Wherefore,  by  ctnnpounding  the  analogies,  the  strain 
BA  is  to  the  strain  CD,  as  the  sine  of  the  angle 
DCH  is  to  the  sine  of  the  angle  ABG.  In  fig.  1 6. 
the  same  forces  act  as  thrusts.  Wh^efore,  gene- 
rally, at  any  poini  J9,  C,  D  and  E^  the  strain 
or  tikru$i  if  im^eriefy  as  the  sine  of  the  angle  which 
this  makes  with  a  vertical  lincj  or  directly  as  the  se- 
cant efihe  angle  which  it  forms  with  the  horizon. 

It  is  evident  that,  in  both  figures,  an  oblique  stntin 
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or  thrust  AB,  if  reduced  to  the  horizontal  direction 
AL,  will  be  diminished  in  the  ratio  of  AB  to  AL, 
or  of  the  radius  to  the  cosine  of  the  inclination  LAB. 
Wherefore,  since  the  strain  or  thrust  at  A  is  propor- 
tional to  the  secant  of  that  angle,  its  action  in  the 
line  of  the  horizon  AF  is  always  as  the  radius  mere- 
ly. The  horizontal  strain  or  thrust,  as  might  be  ex- 
pected, is  hence  the  same  through  the  whole  system 
of  points. 

Supposing  the  junctions  to  be  multiplied  indefi- 
nitely, the  series  of  weights  may  be  conceived  as  dif- 
fused over  the  chain,  disposing  it  into  a  regular  curve. 
If  the  base  AL  ,(fig.  17*  and  18.)  be  therefore  di- 
vided into  equal  parts,  and  the  verticals  MB,  NC, 
OD,  &c.  drawn,  the  intercepted  portions  AB,  BC, 
CD,  &c.  of  the  curve,  being  evidently  prcpartianal 
to  the  secants  of  the  angtes  of  detection  from  the  ho^ 
rizouj  must  eapress  the  strains  or  thrusts  exerted  at 
the  several  points  A^  JB,  (7,  ^. 

By  a  similar  deccmiposition  of  forces,  it  is  easy  to 
discover  the  relation  of  the  weights  necessary  to  form 
a  given  polygon.  In  fig.  15.  and  16.,  the  strain  or 
thrust  BA  is  to  the  weight  acting  at  B,  as  the  sine 
of  the  angle  CBG  is  to  the  sine  of  the  angle  ABC  ; 
but  if  the  polygon  be  supposed  to  be  contained  in  a 
given  arc  of  a  circle  while  its  sides  are  given,  this 
angle  ABC  must  have  a  given  magnitude ;  conse- 
quently the  strain  B  A  is  to  the  weight  BG,  as  a  con- 
stant quantity  to  the  secant  of  the  deflection  at  B. 
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But  the  Strain  at  B  was  already  shown  to  be  propor- 
tional to  that  secant^  and  therefore  the  weights  at  B 
must  be  as  the  square  of  the  secant  of  deflection. 
This  elegant  property  can  easily  be  exhibited  expe- 
rimentally. 

Suppose  the  junctions  to  be  indefinitely  multipli- 
ed, the  several  weights  being  disposed  in  the  arc 
AFL  of  a  circle,  (fig.  19.  and  20.),  which  has  O  for 
its  centre.  Let  this  arc  be  distinguished  into  minute 
equal  portions  AB,  BC,  CD>  &c.  and  having  ap- 
plied the  tangent  FQ,  draw  the  secants  OM,  ON, 
OP,  &c.  It  follows,  from  what  has  been  demon- 
strated, that,  in  order  to  maintain  an  uniform  incur- 
vation, the  weights  of  the  portions  F£,  ED,  DC, 
&c.  of  the  circumference  must  be  respectively  pro- 
portional to  OF»,  OM%  ON*,  OP%  &c.  From  C 
and  P,  draw  CR  and  PS  perpendicular  to  OB  \ 
from  similar  triangles,  OC  :  OP  :  :  CR  :  PS,  and 
OF  or  OC  :  OP :  :  PS  :  PQ ;  whence,  by  composi- 
tion, OC*  or  OF»  :  OP  :  :  CR  or  FM  :  PQ.  If 
FM,  therefore,  denote  the  weight  of  an  element  of  the 
circumference  at  F,  PQ  must  express  the  weight  of 
an  equal  portion  at  C.  The  weights  of  the  successive 
portions  F£,  £D,  DC,  &c.  are  hence  proportional 
to  the  segments  FM,  MN,  NP,  &c.,  or  to  the  dif 
ferences  of  the  tangents  qfthe  corresponding  angles 
qf  d^ection.  This  proposition  includes  the  whole 
Theory  of  Arches^  whether  suspended  or  incumbent. 

d2 
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Suppose  two  connected  physical  points  A  and  B, 
(fig.  21.),  which  maintain  invariably  the  same  re- 
lative position,  to  be  drawn  by  the  forces  AP  and 
BP  to  the  centre  P  :  complete  the  parallelogram 
PAQB,  and  the  diagonal  PQ  will  evidently  bisect 
AB  in  O ;  wherefore  a  force  applied  at  O  in  the  di- 
rection PO,  and  equal  to  2PO,  will  balance  the  two 
forces  AP  and  BP.  But  AB  may  be  made  the  dia- 
gonal  of  any  other  parallelogram  PAQ'B  ;  and  con- 
sequently the  middle  point  O  is  a  centre  at  which 
the  forces  'from  A  and  B  are  held  in  equilibrium  by 
another  force  tending  to  the  same  point  P  or  P'. 
If  these  points  be  removed  to  an  indefinite  distance, 
the  forces  AP  and  BP  will  become  equal  and  pa- 
rallel, and  the  opposing  force  PQ  will  be  double  of 
either  of  them. 

Conceive  now  three  connected  physical  points  A, 
B,  and  C,  (fig.  22.),  which  constantly  maintain  their 
relative  position,  to  be  drawn  towards  a  centre  P  in 
the  same  plane  by  the  forces  AP,  BP,  and  CP. 
Construct  the  parallelograms  PAQB  and  PQRC, 
and  draw  the  diagonals  AB,  QC,  PQ  and  PR.  It 
is  evident  that  PR  will  express  the  resulting  force, 
and  the  problem  is  to  assign  in  this  line  a  point  0» 
which  may  be  independent  of  the  variable  position  of 
P.  The  points  K  and  L  bisect  the  dii^nals  PQ 
and  PR,  which  are  the  sides  of  the  triangle  PQC, 
and  consequently  the  base  PC  is  double  o£  KL  5  birt 
the  converging  lines  PL  and  CK  must  cut  each 
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othei'  in  the  some  ratio,  and  therefore  PO  =  SOL 
and  CO  =  20K.  Hence  PL  =.SOL,  and  PR  = 
60L  =  3PO  J  and  CK  =  30K,  or  OK  z=  i  CK- 
The  force  PR,  which  is  triple  of  PO,  balances,  there* 
fore,  the  three  forces  AP,  BP  and  CP  ^  but  that 
force  may  be  conceived  to  be  attached  at  the  centre 
O9  which  is  determined  directly  from  the  points  A, 
B  and  C — since  K  bisects  ABy  and  KO  is  the 
third  part  of  KC— 4his  centre  is  consequently  in- 
dependent of  the  position  of  P.  If  P  be  removed 
to  an  indefinite  distance,  the  several  forces  acting  at 
A,  B  and  C  will  become  equal  and  parallel,  and  the 
counterbaLancing  force  at  O  will  be  equal  to  their 
sum,  and  tend  in  the  same  direction. 

In  like  manner,  it  may  be  shown,  that  if  any  num- 
ber of  atoms  be  attracted  in  the  same  plane  by  equal 
and  parallel  forces,  a  certain  point  may  be  found  at 
which  they  will  be  balanced  by  an  opposite  aggregate 
force.  Suppose  four  points  A,  B,  C  and  D  (fig.  23.) 
to  be  drawn  towards  a  centre  P  by  the  forces  AP, 
BP,  CP  and  DP ;  it  is  evident,  from  the  theory  of 
their  composition,  that  th&se  tendencies  will  be  coun- 
teracted by  a  single  &mse  in  the  intermediate  direc- ' 
tion  PO.  But,  "having  let  fall  upon  this  the  perpen- 
diculars Aoy  B6,  Cc  and  Tki ;  the  force  AP  may  be 
decomposed  into  aP  and  Aa,  the  force  BP  into  bF 
and  Bby  the  force  CP  into  cP  and  Ccr,  and  the  force 
DP  into  dV  and  Drf.  Of  these,  the  forces  aP,  &P, 
c¥  and  dP^  all  in  the  same  direction,  must  be  coun- 
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terpoked  by  the  force  extending  to  P  through  O. 
The  remaining  forces  aA,  bB,  cC  and  dD,  being 
opposed  to  each  other,  must  produce  a  mutual  ba^ 
lance.  Wherefore  the  perpendiculars  Aa  and  Bb 
on  the  one  side  of  PO  must  be  equal  to  Cc  and  Drf, 
the  perpendiculars  on  the  other  side.  ^  Bisect  AB  in 
H,  and  CD  in  I,  and  let  fall  the  perpendiculars  HA 
and  It.  It  is  obyious,  that  Aa  4-^6  =  2HA,  and 
Cc  -|-  Dd  =  2K  ;  consequently  SHA  =  Sle,  and 
HA  zr  li.  Wherefore  the  oblique  line  HI  must  be 
bisected  in  the  centre  O.  This  point  is  hence  deri- 
ved merely  from  A,  B,  C  and  D,  independent  alto- 
gether of  the  position  of  P.  Whatever  be  the  place 
of  P,  the  resulting  force  will  pass  through  O  ;  and 
if  it  be  thrown  to  an  indefinite  distance,  the  several 
atoms  will  be  urged  in  parallel  directions,  their 
forces  AP  +  BP  +  CP  +  DP  being  then  equal  to 
the  aggregate  force  atP  -f  ftP  -f  oP  -^-  rfP  exerted 
at  O. 

If  the  particles  have  a  permanent  arrangement, 
though  not  in  the  same  plane,  the  resulting  force 
will  in  ^every  position  pass  through  the  same  indivi- 
dual centre.  For  suppose  that,  beyond  those  parti- 
cles, a  plane  were  drawn  parallel  to  another  touching 
the  resulting  force,  it  is  evident  that  the  sum  of  all 
the  perpendiculars  let  fSedl  upon  it  from  each  of  the 
particles,  divided  by  their  number,  will  be  equal  to 
the  mutual  distance  of  the  two  planes.  Hence  the 
position  of  a  plane  passing  through  P  in  the  direction 
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of  the  resulting  force  is  given.  But  if  F  be  assumed 
in  another  place,  the  position  of  a  second  plane  pass- 
ing trough  P,  and  touching  the  direction  of  the 
resulting  force,  is  likewise  given.  The  intersection 
of  these  two  planes  is  consequently  a  straight  line 
givto  in  position.  Lastly,  if  the  centre  of  the  at- 
tractive forces  be  changed  to  P'',  a  third  plane  may 
be  assigned,  which  shall  indicate  the  direction  of  the 
resulting  force.  But  this  plane  must  cut  the  former 
line  of  intersection  in  a  given  point,  which  is  the 
centre  at  which  all  the  forces  woidd  be  balanced. 
This  centre  therefore  depends  on  the  mutual  arrange- 
ment of  the  particles,  and  has  no  reference  whatever 
to  the  position  of  the  variable  concourse  of  those 
forces. 

But  it  may  be  likewise  proved,  that,  about  the  cen- 
tre thus  found,  the  system  of  particles  will  in  every 
position  maintain  their  equilibrium.  For  if  any 
fourth  plane  be  made  to  pass  through  the  common 
intersection  of  the  three  given  planes,  the  sum  of 
tiie  perpendiculars  let  fall  upon  it  from  the  several 
particles  on  the  one  side  must  be  equal  to  the  sum 
of  the  perpendiculars  let  fall  on  the  other  side.  To 
prove  this,  it  will  be  sufficient  to  diow,  that  of  lines 
drawn  at  given  angles  to  the  three  planes,  the  seg- 
mients  intercepted  by  any  fourth  plane  are  mutually 
balanced.  Let  (fig.  S4.)  AK,  AL  and  AM  be  the 
three  planes,  meeting  in  the  lines  AB,  AC  and  AD, 
and  let  them  be  cut  obliquely  by  a  fourth  plane 
AMK.   Conceive  another  plane  AN  passing  through 


I 


66  ,  ELEMENTS  OF 


ADf  and  meeting  the  plane  AMK  in  K  ;  if  from 
any  point  P  of  the  body  or  system  of  particles,  the 
lines  PF,  PG  and  PH  be  drawn  to  the  three  fixed 
planes  parallel  to  AD,  AB  and  AC,  their  sums  will 
be  severally  balanced.  Produce  6P  to  meet  the 
{dane  AN  in  £,  and  a  plane  passing  through  G£ 
will  cut  the  planes  AN>  AL  and  AK  in  the  lines 
EQ  and  61,  parallel  to  AD,  and  QI  parallel  to 
AB.  Whence,  employing  the  symbol  y  to  denote 
summation,  f^  PH  zr/)  GS  =  0  ;  but  the  triangle 
GSR  is  evidently  given  iil  species^  and  consequents 
ly  PG  htis  a  given  ratio  to  GS  j  wherefore  y;  PG 
=r  O,  and  since,  from  the  general  condition,  y^  EG 
zr  0,  it  follows  that  /,  PE  =  0,  The  plane  AN 
has  thus  the  same  property  as  AK,  AL,  atid  AM. 
Again,  the  oblique  plane  AO  standing  in  the  same 
relation  to  the  planes  AN,  AK  and  AM,  must  like* 
wise  produce  a  balance  in  the  summation  of  the  lines 
drawn  parallel  to  AB,  AC  and  AD,  the  axes  of  the 
three  given  planes. 

Every  system  of  particles  has  th^^efore  a  oertainy 
constant  and  individual  point  of  equilibrium,  vrfaich 
is  called  the  Cenire  of  Gravity.  If  that  point  be 
supported^  the  whole  system  must  hence  continue  in 
a  state  of  rest.  To  preserve  this  condition,  it  is  ne- 
cessary that  an  impediment  should  be  opposed  in  the 
Jine  of  gravitation,  or  iti  the  verti(»l  drawn  through 
the  centre  of  gravity*  The  obstacle  may  be  placed 
either  above  or  below  that  centre,  or  the  falling  of 
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the  body  may  be  pretented  either  by  suspensioB  or 
by  support.  By  the  former,  a  permftnent  stability 
is  procured  ;  for  if  the  system  or  body  be  drawn 
aside»  the  oblique  action  of  gravity  will  pull  it  again 
into  the  vertical  position.  The  lower  the  centre  of 
gravity  is  placed,  ai^d  the  wider  is  the  base,  the  firm*^ 
^r  will  (he  body  «tand.  But  if  the  support  be  not 
of  sufficient  breadth,  the  equilibrium  will  be  preca^ 
rtous  and  unstable ;  sitice  the  moment  the  vertical 
line  pTt)jects  beyond  the  base,  the  body  must  totter 
and  irretariev^ly  tumble  down. 

In  certain  cases,  however,  a  body  resting  upon  a 
single  point,  may  yet  have  a  disposition  to  recover 
from  any  partial  derangement,  and  to  resume  its 
vertical  position.  Thus,  if  the  base  be  a  plane,  and 
the  bottom  of  the  body  rounded,  but  such  that  the 
centre  of  gravity  lies  below  the  centre  of  curvature, 
the  mass  may  lOck  backwards  and  forwards,  but  will 
Mott  regain  its  erect  site.  Let  O  (fig.  05.)  be  the 
centre  of  the  incurvation  at  the  end  of  the  body,  and 
G  or  y  its  centre  of  grbvity  lying  in  the  axis  AO. 
Conceit  the  body  to  be  rolled  on  its  horizontal  plane 
from  A  to  A^,  the  point  which  touched  A  will  merge 
into  a,  and  the  asds  will  come  into  the  position  a<y. 
Now,  if  the  centre  of  giravity  G  stood  above  O,  it 
would  evidently  in  the  position  G'  lean  beyond  the 
verticd  A'CX,  and  the  body  would  fall  over ;  but  if 
the  centre  of  gravity  were  at  ff  below  O,  it  would 
stiH  in  changing  to  ^',  lie  within  the  vertical  A'O', 
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^ind  consequently  the  body  would  roll  back  to  its 
first  position. 

Again,  suppose  the  round  end  of  the  body  to  be 
implanted  upon  a  circular  baser  (fig*  26.)>  while  the 
contact  shifts  from  the  point  A  to  A%  the  radii  AO 
and  A'O  will  obviously  convei^  to  P,  the  centre  of 
the  are  AA^  Having  drawn  A^M  parallel  to  AF 
to  meet  aO,  if  the  centre  of  gravity  should  lie  any 
where  below  M,  its  vertical  will  fall  within  the  base 
A  A%  and  the  body  will,  therefore,  have  a  constant 
tendency  to  redress  itself  and  recover  its  first  posi- 
tion. But  from  the  property  of  divei^ing  .and  pa- 
rallel Imes,  OP  :  AP  :  :  aO  :  aM,  or  AP— AO 
:  AP  :  :  AO :  aM,  the  height  of  what  may  be  called 
the  metacentre^  or  extreme  vertical  limit  of  the  centre 
of  gravity.  If  the  base  be  convex,  the  first  term  of 
the^mal^wiU  be  the  som.  in<itead  of  the  di^ 
rence,  of  the  radii  AO  and  AP.  On  this  princi* 
pie  seems  to  depend  the  curious  pluenomenon  of 
Bocking  or  Laggan  Stones^  the  natural  joints  of  the 
columns  being,  in  the  course  of  ages,  worn  by  the 
agitation  of  the  wind  into  regular  curved  surfiu^es. 

The  centre  of  gravity  of  any  body  is  determined^ 
by  dividing  the  sum  of  the  distances  of  its  consti- 
tuent particles  from  any  plane  by  the  number  of  those 
particles.  The  surface  of  a  triangle,  its  three  sides, 
and  its  angular  points,  have  all  the  same  centre  of 
gravity,  which  is  situate  at  two-thirds  of  the  length 
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of  a  straight  line  drawn  from  the  vertex  to  bisect 
the  base.  The  centre  of  gravity  of  a  parabola  lies 
at  the  distance  of  three-fifths  of  the  axis  from  the 
vertex  ;  that  of  a  cane  is  placed  at  three-fourths  of 
the  length  of  the  axis,  and  that  oS  an  hemisphere  at 
five-dghths  of  the  radius.  A  pyramid  and  its  four 
terminating  points  have  the  same  centre  of  gravity. 
Wh^  the  body  consists  of  two  parts,  their  com- 
mon centre  of  gravity  will  be  found,  by  dividing  the 
distance  between  the  centre  of  each  reciprocally  as 
their  corresponding  weights.  The  principle  may  be 
extended  to  bodies  which  are  more  complex.  Thus, 
the  centre  of  gravity  of  two  portions  being  deter- 
mined, they  may  be  conceived  to  be  united  in  that 
point  and  connected  with  a  third  portion,  and  the 
centre  of  the  three  portions  found.  All  these  again 
may  be  supposed  collected  in  this  last  point  and  made 
to  balance  against  a  fourth  portion,  and  their  com- 
mon centre  of  gravity  computed*  In  this  way,  the 
process  may,  by  successive  steps,  be  carried  to  any 
extent,  and  whatever  order  is  followed,  the  result 
will  be  always  the  same.  Thus,  in  fig.  S7.,  the  cen- 
tre of  gravity  of  four  points  A,  B,  C  and  D  in  the 
same  plane,  is  found  by  a  progressive  procedure. 
Join  AB,  and  bisect  it  in  K ;  conceive  the  points 
A  and  B  to  be  collected  at  .K,  and  trisect  CK  in  L, 
the  centre  of  these,  and  the  third  point  C ;  lastly, 
suppose  A,  B  and  C  to  be  condensed  at  L,  cut  off 
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OL,  a  fourth  part  of  Dh,  and  O  will  be  the  oom- 
mon  centre  of  gravity  of  all  the  four  points. 

The  same  method  ia  applicable  either  to  surfaces 
or.  solids,  the  former  being  subdivided  by  triangles, 
and  the  latter  decomposed  into  wedges.  The  cen* 
tre  of  gravity  of  the  larger  portion  of  any  figure 
may  be  conveniently  found,  by  estimating  from  the  de* 
feet.  This  centre  is  in  a  trapezium,  deduced  ihmi  the 
two  triangles  formed  by  producing  its  oblique  sides, 
and  in  the  frustum  of  a  cone,  from  the  cone  itself 
and  its  npger  portion.  For  the  excess  of  the  mass 
A  above  B  is  to  B,  as  the  mutual  distance  BA  to 
the  interval  in  this  direction  of  the  fragment  beyond 
A. 

Of  irregular  bodies,  the  centre  of  gravity  may  be 
discovered  practically  in  various  ways.  If  the  body 
be  poised,  for  instance,  in  two  di£ferent  positions  on 
a  sharp  edge,  the  Vertical  drawn  from  the  point  of 
intersection  will  pass  through  the  centre  of  gravity. 
Or,  if  a  loose  thread  or  string  have  its  ends  fastened 
to  two  distinct  points  of  the  body,  and  suspended  in 
two  different  positions  fiH)m  a  fixed  pivot,  the  verti- 
cals let  fall  firom  this  will  cross  in  the  centre  of  gra- 
vity. 

Many  singular  and  paradoxical  appearances  are 
dependent  on  the  properties  of  the  centre  of  gravity. 
Hence  a  ball  may  be  suspended  beyond  the  borda* 
of  a  table  ;  hence  an  eccentric  loaded  cylinder  will 
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roll  partly  up  an  inclined  plane  ;  and  hence  also  a 
double  cylinder  will  seem  to  advance  along  two  ri- 
sing and  spread  edges.  Various  toys  are  constructed 
on  the  same  principles^  which  likewise  direct  the  skill 
of  the  balancer. 

It  is  a  remarkable  property  of  the  centre  of  gravity 
of  any  number  of  points,  that  forces  directed  from 
them  to  this  centre,  and  indicated  by  the  seferal  lines^ 
will  maintain  a  mutual  equilibrium.  Thus,  if  O 
(fig.  28.)  be  the  centre  of  gravity  of  the  points  A, 
B,  C,  D,  E,  &c.,  the  forces  AO,  BO,  CO,  DO  and 
EG  will  all  balance  at  O.  For  if  a  plane  .were  sup-, 
posed  to  pass  through  O,  the  several  oblique  forces 
OA,  OB,  OC,  OD,  0£,  Ac.  might  be  induced  into 
forces  perpendicular  to  that  plane  and  other  forces 
directed  along  it.  But  since  an  equilibrium  obtains, 
the  perpendiculars  on  the  one  side  of  the  plane  must 
be  together  equal  to  those  on  the  other,  and  conse- 
quently O  is  the  centre  <^  gravity  of  all  the  points 
A,  B,  CD,  E,  &c. 

A  still  moM^di8tinguished  property  of  the  centre 
of  gravity  of  any  line  or  plane  is,  thsfk  the  cireum- 
ference  traced  by  this  about  its  boundary  as  an  axis, 
drawn  into  the  line  or  plane  of  re^ution,  is  equiva* 
lent  to  the  surface  or  solid  llius  deiiBcribed.  In  short, 
ihe  space  involved  by  circumvokution  is  the  same,  as 
if  Hie  line  or  pkme  had  advanced  Meetly  forwards 
over  the  same  extent  of  description*   Henoe  the  sur- 
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fSftce  and  contents  of  solids  of  revolution  are  easily 
discovered. 

But  the  most  elegant .  property  of  the  centi*e  of 
gravity  is,  that,  in  any  given  plane,  the  sum  of  the 
squares  of  the  distances  of  physical  points  from  their 
centre  of  gravity  is  less  than  the  aggregate  of  the 
squares  of  their  distances  from  any  point  in  the  cir- 
cumfexence  of  a  circle  described  about  that  centre, 
by  the  square  of  the  radius  multiplied  by  the  num- 
ber of  those  points.  It  hence  follows  that  the  sum 
of  the  squares  of  the  distances  of  points  from  their 
centre  of  gravity  is  always  a  mininmm. 

If  three  fixed  points  A,  B  and  C  (fig.  S90  in  a 
horizontal  plane  be  drawn  by  the  forces  AO,  BO 
and  CO  to  a  remote  centre  O,  the  tension  may  be 
balanced,  by  triple  the  vertical  force  PO  acting  at 
an  intermediate  point  P  oS.  the  same  plane.  For  this 
force  PO  being  perpendicnlar  to  the  plane,  the  forces 
expressed  by  the  bases  AP,  BP  and  CP  of  the  se- 
veral triangles  AOP,  BOP  and  COP  must  be  in 
equilibrium,  and  consequently  P  is  th^«centre  of  gra- 
vity of  the  three  points  At  B  and  C.  If  we  suppose  ' 
911  particles  to  be  collected  at  A,  and  n  particles  at 
B,  p  particles  at  C,  the  resulting  vcfrtical  must  still 
pass  through  P,  the  common  centre  of  grayity  of  the 
clusters  or  weights  m,  n  and  p  at  the  points  A,  B 
and  C.  Wherefore  a  force  911  x  AP  must  balance 
n  X  BP  andp  x  CP,  and  it  will  thence fdlow  that 
m  is  to  n,  as  the  area  of  the  triangle  BPC  is  to  that 
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of  APC,  and  that  m  is  to/?  as  the  triangle  APB  is 
to  BPC. 

Conceive  the  centre  O  to  be  now  removed  to  a 
vast  distance,  and  the  parallel  forces  directed  to  it 
will  express  the  pressures  which  a  horizontal  ^ane 
resting  upon  the  an^es  at  A,  B,  C,  would  exert 
against  those  supports  when  a  weight  is  laid  at  the 
point  P.  These  pressures  would  be  equally  shared 
if  the  weight  were  incumbent  on  the  centre  of  gra- 
vity of  the  triangle.  In  other  positions  the  distribu- 
tion of  pressure  would  be  unequal,  depending  on  the 
.  relative  proportions  of  the  interior  triangles  APB, 
BPC  and  CPA. 

Let  ACB  (fig.  30*)  be  a  perfectly  flexible  cjiain, 
whose  ends  are  attached  at  the  points  A  and  B.  If 
we  consider  any  portion  CF  of  this  chain,  intercepted 
from  the  vertex  or  lowest  point  C,  its  weight  must 
be  supported  by  the  oblique  tensions  exerted  at  p 
and  F  in  the  directions  of  CL  and  FL,  the  tangents 
at  those  points.  The  strains  at  C  and  F  may  there^ 
fore  be  conceived  as  acting  at  the  pommon  point  L, 
to  which  likewise  the  action  of  the  weight  GL  vanst 
be  directed ;  or  the  vertical  LG  will  pass  through 
Gy  the  centre  of  gravity  of  the  arc  CF,  where  all 
its  efforts  are  united.  Wherrfore.the  strain  at  the 
lowest  point  C  is  to  the  weight  of  CF,  as  the  sine  of 
the  angle  GLF,  or  the  cosine  of  FLM>  is  to  the  sine 
of  FLM,  that  is,  as  radius  to  the  tangent  of  the  an- 
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gk  FLM,  which  a  line  touching  the  curve  at  F 
makes  with  the  horizon.  Hence  the  tension  at  C 
being  constant,  the  weight,  and  therefore  the  length, 
of  any  portion  CF  of  the  equable  chain  must  be  pro- 
portional to  the  tangent  pf  the  direction  of  the  eurre 
at  F ;  which  is  the  geometrical  d^nition  of  the  Ca- 
TKHARY.     (See  OeomfUry  of  Ou/rve  Lines^  p.  383*) 

Again,  from  the  same  equilibrium  of  forces,  about 
the  point  L,  the  strain  LC  is  to  the  strain  LF,  as 
the  sine  of  the  angle  FL6,  or  the  conne  of  FLM 
is  to  the  sine  cf  CXG  or  the  radius,  that  is,  as  the 
ladiuft  to  the  secant  of  the  angle  FLM,  which  the 
curve  makes  with  the  horizon.  The  strain  exerted 
at  any  point  F  is  thus  proportional  to  the  secant  of 
deflection,  as  was  formerly  shown* 

If  therefore  the  vertical  line  CO,  or  parameter  of 
the  catenary,  represent  the  strain  at  the  lowest  point 
C,  and  the  generating  circle  be  described  about  the 
centre  O ;  a  straight  line  £H,  drawn  to  touch  this  cir- 
de,  will  be  parallel  tx>  the  tangent  FT  applied  to  the 
curve,  and  equal  to  the  length  of  the  intercepted  seg- 
loant  CF.  Hence  the  tension  exerted  at  any  point 
F  will  be  expressed  by  OE,  which  is  the  secant  of 
deflection  to  a  radiua  OC  or  the  parameter :  It  thus 
exceeds  the  tension  at  the  lowest  point  C  by  the  ab- 
sciss CE.  A  tangent  DI  to  the  circle  will  hence 
be  equal  to  the  length  of  half  the  curve  CB^  and  will 
indicate  the  flexure  of  its  extremity  B,  while  OD 
will  denote  the  teasioii  at  that  point. 
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1.  Suppose  the  parameter  of  the  Catenarf,  or  the 
'meaaare  of  tennon  at  its  lowest  point  C,  to  be  equal 
to  the  depression  DC  Since  OC,  being  denoted  by  1^ 
it  is  evident  that  the  tangent  DI,  whidb  is  equal  to 
BC,  half  the  curve^  will  be  expressed  by  ^  S » 
1.7S20508.  Wherefore,  by  Prop.  IV.  of  the  CcAe^ 
narjfs  the  hyperbolic  logaiithm  of  the  ratio  of  OC 
to  OC  +  CD  +  CB  or  of  1  to  3.7S30508  will  re- 
present  the  ordinate  DB,  or  half  the  width  AB ;  con- 
sequently DBs  1.3169578,  or  AB  =  %.G»SQ\56, 
the  entire  length  of  the  chain  ACB  being  3.4641016. 
In  this  case,  the  strain  at  the  lowest  point  is  express- 
ed by  1>  and  at  the  ends  A  and  B  by  2. 

%  Next,  suppose  that  the  strain  at  the  lowest 
point  C  is  equal  to  the  whole  weight  of  the  chain. 

1 

It  is  obvious  that  OC  being  still  denoted  by  1,  Dlis  -, 


and  OD  =y|  =  1.1180340,  or  CD  =  .11 80340 ; 

whence  DB  ^  hyperbolic  logarithm  of  1.6180340 
or  •43U117»  the  whole  span  AB  being  .96^4234, 
and  the  length  of  the  chain  itself  1.  Here  the 
width  is  8.1538  times,  and  the  extent  of  the  curve 
8.4724  times,  the -depression  :  The  tension  at  C  is 
1,  and  at  A  or  B  it  is  1.118034. 

3.  Again,  suppose  the  tension  at  the  lowest  point 
to  be  double  the  weight  of  the  chain.  The  para- 
meter being  expressed  by  unit  as  before,  DI  will 
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1  /I7 

be—,  and  consequently  OD  =  v  t^  =  1.0307764, 

or  the  depression  CD  =  •0307764.  The  ordinate 
CB  is  therefore  equal  to  the  hyperbolic  logarithm 
of  1.2807764  or  •2474664^  and  the  whole  span 
AB  tr  .4949328.  Here  then  the  span  is  I6.O8I6 
times,  and'  the  extent  of  the  chain  16.2462  times, 
the  depression  CD.  The  strain  at  the  lowest  point 
is  1,  and  that  at  both  ends  1.0307764. 

When  the  quantity  of  depression  of  the  catenary 
is  comparatively  small,  as  happens  in  all  practical 
cases,  an  easy  approximation  may  be  found.  Thus, 
if  the  span  AB  be  denoted  by  ft,  the  depression  DC 
by  dy  and  the  whole  length  ACB  of  the  chain  by  /  ; 
it  may  be  shown,  from  the  general  nature  of  curve 
lines,  that  the  semiarc  CB  is  very  nearly  equal  to 

DB+  pp.  ;  and  consequently  /=6+-— .    But  the 

sepiiarc  is  equal  to  the  tangent  DI,  and  its  square  is 
cqnsequentlyequal  to  OD*-C)C*=DC(OD+OC)= 
CD.DN;  orj9  denoting  the  parameter  OC,  it  fol* 

lows   approximately,   that   - — |-  ^r-  =  d  (9p  +  d) 

b*  ^  d 
=  2pd  +  rf*,  and  therefore  j9 =5-^+^,  or  the  strain 

at  the  lowest  point.     The  strain  at  the  extremities 

A  and  B  will  hence  be  expounded  by  53+^- 

These  expressions  may  be  converted  into  o- 
thers   involving  the  length  of  the  chain.     Thus, 
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h^i'^.  andOCorp=^-|.  andOD  =^+^. 

which  last  expressions  hence  represent  the  ten- 
sions at  the  lowest  point  C,  and  at  both  extremi- 
ties A  and  B.  As  examples  of  approximation,  some 
of  the  former  instances  may  be  resumed.  Thus,  let 
the  strain  at  the  lowest  point  be  equal  to  the  whole 
weight  of  the  chain }  it  was  then  found  that  /  =  1, 

and  rf=  .118034,     Wherefore  b  =  l—^=  -9628, 

true  to  every  place  of  figures  ^  and  the  strains  at  C, 
and  at  either  extremity  A  or  B,  are  respectively 

I*      d  I*       d 

rr- , — -  and  ^^A-'-t:,  or  1  and  1.118034,  likewise 

the  same  as  before.  Again,  when  the  strain  at  the 
lowest  point  is  double  of  the  weight  of  the  chain  ; 
in  which  case,  /  =•  5,  and  d  =  •0307764.  Here 
b  =  .4949483,  which  approximates  extremely  near 
to  the  correct  measure  .4949328.  The  strains 
come  out  exactly  as  in  the  rigorous  calculation.  In 
practice,  where  the  depression  seldom  exceeds  the 
fourteenth  part  of  the  entire  length  of  the  chain,  this 
very  simple  approximation  will,  therefore,  be  suffi« 
ciently  accurate  for  every  purpose.  The  engineer 
has  only  to  recollect,  that  when  the  depression 
amounts  to  an  eighth  part  of  the  length  of  the  chain, 
the  strain  at  each  end  is  just  equal  to  the  whole  of 
.the  weight  sustained ;  and,  in  other  cases,  the  quan- 
tity of  depression  will  be  inversely  as  the  load. 

E  2 
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Since  three  balancing  forces  AG,  BH  and  Ct 
(fig.  31.)  tend  always  to  the  same  centre,  however 
oblique  is  the  triangle  ACB,  this  property  must 
likewise  hold  in  the  extreme  case,  when  the  {ibints 
A,  B,  and  C  may  be  considered  as  ranging  in  a 
straight  line.  Let  ACB,  therefore,  be  a  rod  or 
inflexible  line,  and  suppose  the  extremities  A  and 
B  to  be  drawn  by  forces  tending  to  O,  while  an  in- 
termediate point  C  is  sustained  by  la  force  in  the  di- 
rection  CI.  But  this  direction  must  proceed  from 
O,  the  concurrent  centre  of  the  three  forces.  Draw 
CE  and  CF  perpendicular  to  AG  and  BG,  the  di- 
rections of  the  other  two  forces ;  the  force  acting 
at  A  must  be  to  the  force  AB,  as  CF  to  CE.  If 
the  point  G  be  removed  to  an  indefinite  distance, 
the  lines  E  A  and  BF  will  become  parallel,  and  con- 
sequently CF  is  to  CE,  as  CB  is  to  CA.  Adhere- 
fore,  in  the  case  of  parallel  forces  in  equilibrio^  the 
force  at  A  is  to  the  force  at  B,  as  CB  is  to  CA. 
Instead  of  supporting  the  point  C  by  a  force  CI,  it 
may  be  made  to  rest  on  a  firm  obstacle  or  Julcrum^ 
which  would  exert  an  equal  force ,  upwards ;  the 
rod  ACB  would  then  become  a  lever ^  having  the 
arms  CA  and  CB,  at  the  extremities  of  which 
the  power  atid  weight  are  applied.  Hence  the 
general  principle  of  th6  lever,  that  the  power  and 
weight  are  Uwersely  as  thdr  distances  from  the 
/iikruni  or  paint  of  sv^spefnsion. 

Because  the  forces  acting  in  the  directions  AG 
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and  BO  are  inversely  as  the  perpendiculars  let  fall 
from  C  upon  them,  the  equilibrium  will  be  main- 
tained  at  whatever  points  in  the  lines  AO  and  BO 
those  forces  be  applied.  Wherefore  the  same  forces 
attached  at  the  extremities  N  and  P  of  the  bent  le- 
ver NCP,  would  likewise  produce  a  mutual  balance. 

But  the  property  of  the  straight  lever,  that  the 
power  and  weight  are  inversely  cls  their  distances 
from  the  point  of  suspension  j  may  be  deduced  from 
considerations  of  the  most  familiar  kind.  Let  AB 
(fig.  32.)  represent  a  cylinder  of  homogeneous  mat- 
ter, such  as  wood  or  metal :  It  could  evidently  be 
supported  at  the  middle  point  O,  where  the  stress 
will  be  the  same  if  the  whole  weight  had  been  con- 
centrated in  that  point.  But  the  cylinder  might  be 
conceived  to  consist  of  two  distinct  portions,  AC 
and  BC,  which  would  be  separately  sustained  at 
their  middle  points  D  and  £.  Wherefore,  the 
weight  of  AC  attached  at  D,  and  the  weight  of  BC 
attached  at  E,  would  balance  the  inflexible  line  D£, 
if  upheld  at  the  centre  O  by  the  whole  weight  of 
AB.  But  OD  »  AO— AD  =  i AB-^ AC =^BC, 
and  OE  =  OB  —  EB  =r  JAB  —  JCB  =  JAC  ; 
consequently  OD  is  to  0£,  as  BC  to  AC,  or  as  the 
weight  concentrated  at  £  is  to  the  weight  concen- 
trated at  D.  This  in  substance  is  the  elegant  de- 
monstration of  the  property  of  the  lever,  given  by 
Stevlnus  and  Gralileo., 


70  ELEMENTS  OF 

The  next  object  is»  from  the  decomposition  of 
forces,  to  assign  the  portion  of  any  weight  which  is 
supported  by  the  action  of  an  inclined  plane.  Every 
plane,  it  should  be  remarked,  is  in  some  degree  flex- 
ible. Under  the  point  where  pressure  is  applied,  the 
fibres  or  connected  particles  bend  into  a  concave  sur- 
face\  till  their  mutual  approximation  creates  a  re- 
pulsive energy  sufficient  to  withstand  the  force  di- 
rected to  the  centre  of  concavity,  and  therefore  per- 
pendicular to  the  plane.  Let  the  horizontal  and 
vertical  lines  AB  and  BC  (fig.  33.).  determine  the 
oblique  position  of  the  plane  AC,  on  which  a  weight 
is  supposed  to  be  placed  at  D.  Let  FD  denote  the 
measure  or  vertical  pressure  of  that  weight,  and  de- 
compose this  into  HD  perpendicular  to  the  plane, 
and  FH  or  £D  parallel  to  it.  But  HD  is  the  dnly 
part  supported  by  the  plane,  and  the  other  part  D£ 
would  require  to  be  sustained  by  a  force  acting  along 
AC.  The  triangle  DEF  is  obviously  similar  to  ABC, 
and  therefore  DF  is  to  DE,  as  AC  to  CB  ;  that  is, 
the  whole  tveiffht  is  to  the  force  of  descent  on  the 
oblique  plane^  as  the  length  of  the  plane  to  its  height^ 
or  a^  raditis  to  tJie  sine  of  its  elevation. 

The  true  proportion  of  any  weight  to  its  tendency 
of  descent  along  an  inclined  plane  was  first  establish- 
ed by  Stevinus,  who  derived  it  from  a  very  simple 
but  extraneous  consideration.  Suppose  a  chain  or  a 
chaplet  composed  of  equal  attached  balls  were  thrown 
loosely  over  the  triangle  ABC,  (fig.  34.)  and  the  two 
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ends  united  a  little  below  the  base  AB.  It  is  evi- 
dent this  chaplet  would  remain  at  rest ;  for  were  it 
drawn  partly  round,  each  ball  would  always  be  suc- 
ceeded by  a  similar  one  in  the  same  situation ;  if  it 
began  of  itself  to  move,  therefore,  it  would  move  for 
ever,  which  is  a  proposition  inadmissible.  But  the 
branch  of  the  chaplet  below  the  base,  being  suspgid- 
ed  equally  at  both  extremities,  must  evidently  be  in 
a  state  of  equiUbrium.  Wherefore  the  remainder  of 
the  chaplet  would  by  itself  maintain  a  balance,  or 
the  part  of  it  which  hangs  along  the  perpendicular 
must  form  an  equipoise  to  the  part  that  leans  against 
the  inclined  plane ;  and  consequently  a  weight  pla^ 
eed  on  the  plane,  would  be  to  the  force  which  in 
the  same  direction  sustains  it,  as  the  length,  to  the 
height,  of  the  plane. 

From  the  resolution  of  forces,  may  likewise  be  dedu- 
ced the  Theory  of  the  Pulley.  This  elementary 
machine  consists  of  a  circle  moveable  about  an  axis, 
and  having  a  very  flexible  cord  applied  in  the  groove 
of  its  circumference.  Let  a  pulley,  from  whose  cen- 
tre D  (fig,  35.)  hangs  a  weight  P,  be  supported  by 
the  bend  of  a  cord  which  has  its  ends  attached  at  A 
and  B.  It  is  evident  that  the  tension  of  this  cord  at 
A  may  be  considered  as  acting  at  any  point  in  the 
direction  of  the  tangent  AC,  while  the  tension  at 
B  is  exerted  in  the  direction  of  the  tangent  BC. 
These  oblique  forces  may,  therefore,  be  conceived  to 
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unite  their  efibrts  at  the  point  of  concourse  C«  But 
the  weight  D,  acting  in  a  vertical  line  from  the  cen- 
tre or  axis  of  the  pulley,  must  pass  through  the  same 
point  C.  Wherefore,  this  weight  is  to  the  strain  of 
the  cord  at  A  or  B,  as  the  sine  of  the  angle  ACB, 
is  to  the  sine  of  its  half  ACE  or  BC£ ;  or,  having 
let  fkll  the  perpendicular  AF  upon  BC,  the  weight 
P  will  be  to  the  strain  at  A,  as  AF  to  A£.  Hence, 
if  AF  were  to  represent  the  whole  weight  applied, 
A£  and  BE  would  express  the  portions  supported 
by  the  joint  action  of  the  cord  at  A  and  B.  The 
loss  of  {o^e  occasioned  by  this  obliquity  is,  therefore, 
in  the  ratio  of  AB  to  AF,  or  as  radius  to  the  cosine 
of  the  angle  ACE.  But  if  the  points  A  and  B  be 
brought  nearer,  and  consequently  the  angle  ACB 
diminished,  AF  will  obviously  approximate  to  AB  ; 
and  when  the  opposite  folds  of  the  cord  are  parallel, 
they  will  each  sustain  exactly  one  half  of  the  attach- 
ed weight. 

Hence,  if  the  end  of  the  cord  be  fastened  at  B, 
the  farce  at  the  other  end  puUing  in  the  direction 
CBj  and  requisite  to  sustain  the  given  weight  Py  is 
to  that  weighty  as  the  sine  of  the  angle  A  CE  to  the 
sine  of  its  double  A  CBy  which  approximates  as  these 
angles  diminish,  to  the  ratio  of  1  to  2,  the  limit  of 
parallel  action. 
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III.  PHORONOMICS 

Explores  the  properties  of  Moving  Bodies.  It  is 
often  comprehended  under  Dynamics,  which  traces 
the  series  of  changes  arising  from  the  application  of 
Force.  This  most  important  branch  of  physical 
science  is  entirely  of  modem  origin  ;  and  though  it 
rests  on  the  simplest  principles,  it  has  yet,  by  the  aid 
of  the  higher  analysis,  been  pushed  to  an  amazing 
extent. 

It  would  be  superfluous  to  attempt  any  definition 
of  motion,  and  quite  futile  to  answer  the  sophisms 
that  have  been  urged  against  its  very  existence.  The 
Aristotelian  distinction  of  motion  into  Natural  and 
Constrained  was  rightly  conceived  ;  but,  from  want 
of  close  observation^  it  was  inaccurately  applied. 

All  motion  is  performed  either  in  a  straight  lin^ 
or  in  a  curve  ;  and  it  flows  uniformly,  or  with  an 
accelerating  or  retarding  pace.  The  velocity  or 
celerity  of  a  moving  body  is  the  minute  space  which 
it  describes  in  a  given  instant  of  time. 

If  any  body  be  held  in  equipoise  by  the  action  of 
combined  forces,  it  will  continue  at  rest.  Thms,  a 
book  laid  upon  the  table  will  press  down  the  surface, 
till  the  approximation  of  the  succumbent  particles 
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exerts  a  repulsive  effort  just  equal  to  the  weight  of 
the  book,  and  sufficient  therefore  to  sustain  it  in  the 
same  position.  All  stability  is  hence  produced,  by 
the  mere  balance  of  opposing  forces. 

But  if  this  equilibrium  be  deranged,  the  body  will 
advance  in  the  direction  of  the  preponderating  force. 
Supposing  that,  after  having  thus  acquired  motion, 
it  be  liberated  from  external  influence,  and  abandon- 
ed to  its  mere  impulsion,  the  object  is  now  to  ascer- 
tain experimentally,  as  the  only  basis  of  Fhorono- 
mics,  what  course  and  rate  the  body  will  pursue. 
Unfortunately  these  conditions  are  strictly  unattain- 
able in  our  place  of  the  universe.  The  action  of  gra-- 
vity  is  never  one  moment  suspended,  and  no  motion 
upon  earth  is  exempt  from  the  operation  of  some  re- 
tarding causes.  We  can  only  approximate  to  the 
undisturbed  effect,,  by  neutralizing  the  constant  in- 
fluence of  gravitation,  and  diminishing  the  obstruc- 
tion created  by  friction  and  atmospherical  resistance. 
If  a  body  move  along  a  perfectly  horizontal  plane, 
its  weight  being  exerted  vertically,  will  neither  in- 
cite nor  impede  its  progress.  Let  a  ball  be  propel- 
led along  a  spacious  level  floor,  and  its  motion  will, 
in  every  case,^  appear  rectilineal.  An  ivory  ball,  roll- 
ed with  a  certain  velocity  on  a  Turkey  carpet,  will 
suffer  a  visible  relaxation  in  its  course }  but,  with  the 
same  impulsion,  it  will  advance  farther  on  a  surface 
of  baize,  still  farther  on  smooth  oaken  planks,  and, 
on  a  sheet  of  pure  ice,  it  will  scarcely  seem  at  all  to 
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abate  its  celerity.  A  leaden  ball»  in  similar  circum- 
stances,  will  maintain  its  motion  through  a  much 
greater  extent.  The  gradual  diminution  of  velocity 
being  thus  proportioned  to  external  impediments^ 
must  be  attri][)uted  solely  to  their  influence.  We  are 
entitled,  therefore,  to  conclude,  that  any  body,  after 
having  received  an  impulsion,  would,  if  left  wholly 
to  itself,  continue  to  move  in  a  straight  line,'  and  with 
an  uniform  celerity.  Every  deviation  from  the  rec 
tilmeal  course  betrays  the  influence  of  some  extrin- 
sic deflecting  force  ;  while  the  relaxation  of  motion, 
in  any  case,  intimates  the  accumulated  eflPect  of  in- 
cessant impedimaoits. 

If  a  sUng  be  whirled  and  its  pellet  discharged,  it 
will  no  longer  describe  a  circle,  but  will  shoot  ofi^  in 
a  tangent.  The  rectilineal  is  hence  that  motion 
which  the  missile  naturally  takes,  its  previous  circu- 
ktion  having  been  merely  constrained  by  the  con- 
tinned  retraction  exerted  by  the  muscles  of  the  arm. 
In  all  the  circular  movements  of  machinery,  the  de* 
flection  from  a  rectilineal  course  is  maintained  by  an 
attractive  or  centripetal  force,  occasioned  by  the  dis- 
tension of  the  particles  from  the  axis  to  the  circum- 
ference. 

When  friction  is  greatly  diminished,  a  piece  of  fine 
mechanism,  set  once  in  motion,  will  continue  to  cir- 
culate for  a  very  long  time.  This  may  be  effected, 
either  by  adapting  friction-wheels,  or  by  making  the 
pivots  turn  in  fine  holes  of  agate  or  diamond. 
Under  the  exhausted  receiver  of  an  air-pump,  the 
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motion  is  found  to  last  much  longer.  In  short/  the 
more  the  friction  is  diminished  and  the  resistance 
of  the  air  abstracted,  the  nearer  will  the  machine 
approach  to  perfection,  and  to  the  constant  main* 
tenance  of  its  celerity.  It  is  the  impossibility  of 
absolutely  excluding  those"  impediments  on  the  sur- 
face of  our  globe,  that  must  prevent  any  eflforts  of 
ingenuity  from  ever  achieving  a  perpetual  motion^ 
But,  in  the  celestial  spaces,  no  such  obstructions  oc- 
cur, and  the  revolution  of  the  planetary  system,  with 
all  its  balanced  cyclical  variations,  bears  the  stamp 
of  Eternity. 

If  the  boxes  of  Atwood's  machine,  (which  turns 
smoothly  upon  friction  wheels,  (see  fig.  35.)  in  which 
those  wheels  are,  for  the  sake  of  clearness,  however^ 
omitted,  and  likewise  the  attached  pendulum,)  be 
equally  loaded,  and  a  small  bar  laid  across  one  of 
them  to  generate  an  impulsion ;  after  this  bar  has 
been  intercepted  in  the  passage  through  a  stage  placed 
a  few  inches  lower,  the  progress  of  both  boxes  up- 
wards and '  downwards  will  be  found  scarcely  to  dif- 
fer from  a  perfectly  uniform  motion,  especially  if  the 
velocity  incited  be  not  too  feeble.  This  motion  is 
only  vertical  indeed,  but  the  same  experiment  couM 
easily  be  performed  in  any  given  direction,  with  equal 
rollers  running  along  an  oblique  plane. 

We  are,  therefore,  entitled  to  infer,  that  all  bodies 
are  quite  passive  or  indiflferent  to  a  state  of  rest  or 
of  motion,  and  would  continue  for  ever  at  rest,  or 
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peneTere  in  the  same  rectilineal  and  imifotrm  moticMi, 
unless  ^  disturbed  by  the  operation  of  some  extrinsic 
force.  This  absolute  i$iertia  of  matter  is  the  great 
law  on  which  rests  the  whole  Doctrine  of  Phorono* 
mics*  Notwithstanding  its  extreme  fflmpiicity,  it  lay 
hid  for  ages^  and  was  first  discovered  by  the  sagacity 
of  Galileo.  The  andenta  attributed  to  matter  a  cer^ 
tain  inaptitude,  reluctance,  or  renitency  to  motion* 
Nor  was  such  a  conclusion  at  all  singular,  at  a  period 
when  only  random  observations  were  made,  and  the 
mechanical  arts  had  not  yet  attained  any  precision* 
£very  motion  experienced  upon  earth  insensibly  tc- 
laxes  and  becomes  extinguished  \  and  it  required 
mature  reflection  to  discriminate  this  effect  as  a  mere 
casual  result,  and  not  an  inherent  property  of  mat- 
ter. 

On  the  birth  of  accurate  science,  the  term  inert^ 
ness  or  tnerfta,  which  had  been  borrowed  from  the 
indolence  or  sluggishness  of  animal  e£R>rt,  totally 
changed  its  meaning.  Kepler,  conceiving  the  dis- 
position of  a  body  to  maintain  its  motion  as  indicat- 
ing an  exertion  of  power,  therefore  prefixed  the  word 
vis  ;  and  this  compound  expression,  vis  inertUB,  has 
been  long  retained.  But  the  single  term  ifiertia^ 
signifying  merely  passive  indi£^nce,  should  now  be 
preferred,  as  more  correct  and  appropriate. 

The  inertia  of  matter  is,  in  every  incident  of  life, 
unceasingly  recalled  to  our  observation.  Thus,  a  per« 
son  sitting  erect  in  a  chaise  is  thrown  backwards,  the 
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moment  the  hordes  start,  or  rather  he  retains  his  rest- 
ing place  for  an  instant^  while  the  vehicle  begins  to 
advance  ;  but  having  once  acquired  the  progressive 
motion,  he  is  pitched  forward  if  the  horses  suddenly 
stop^  that  is,  he  holds  on  his  course  for  an  instant 
after  the  chaise  has  come  to  rest«  If  two  wine-glas- 
ses, placed  on  a  table  at  the  interval  of  about  half  a- 
foot,  have  a  thin  narrow  ruler  laid  across  them,  with 
a  piece  of  money  above  the  mouth  of  each,  on  strik- 
ing a  smart  blow  against  the  end  of  the  ruler,  it  will 
shoot  forwards,  while  the  coins,  not  having  time  to 
acquire  this  impulsion,  will  merely  drop  into  the 
glasses*  Let  two  or  three  different  kinds  of  smooth 
worn  coins,  or  of  the  same  kind  only  distinguished 
by  marks,  be  piled  on  the  bottom  of  an  inverted  egg- 
cup,  which  is  then  pushed  suddenly  along  the  table, 
it  will  be  found  that  the  coins  will  be  thrown  for- 
ward always  exactly  in  the  order  in  which  they  lay, 
the  lowermost,  receiving  the  greatest  share  of  the  im- 
pulsion, being  projected  farthest,  and  the  uppermost, 
being  the  least  affected,  scarcely  advancing  at  alL 
In  like  manner,  while* a  ship  glides  swiftly  through 
smooth  water,  a  ball  dropped  from  the  topmast 
will  strike  the  same  spot  of  the  deck,  as  if  it  had 
fallen  when  the  vessel  was  at  anchor*  On  this 
principle,  the  balancer  easily  tosses  up  oranges  and 
catches  them  again,  as  he  ambles  in  the  ring ; 
for  these  fruits  acquire  the  motion  of  his  palfrey. 
Hence  the  rotation  of  our  globe  about  its  axis  does 
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not  prevent  a  stone,  fmlling  from  the  top  of  a  high 
tower,  from  alighting  at  the  bottom.  The  minute 
deviation  lately  detected  in  this  perpendicular  de-' 
scenty  arinng  from  the  excess  of  the  circular  descri^* 
tion  of  the  top  above  that  of  the  bottom,  as  we  shall 
soon  find,  affords  the  most  direct  proof  of  the  revo- 
lution of  the  Earth* 


Every  motion,  then,  is  JRectUmeal  or  CurviHneal. 
Rectilineal  motion,  again,  is  either  unifbrm,  or  sub- 
ject to  €u:celeratian  or  retardation* 

In  whatever  way  motion  be  generated,  it  wiU,  if 
left  free  and  undisturbed,  persevere  uniformly  in  the 
same  straight  line.  In  this  simplest  kind  of  motion, 
three  things  are  to  be  considered  :  The  velocity 
with  which  the  body  moves,  the  portion  of  time 
elapsed,  and  the  corresponding  space  described. 
These  may  be  denoted  by  the  letters  v,  t^  and  s. 
It  is  evident  that  s  =  vt^  and,  consequently,  that 

t;  =  -  and  ^  =  -.     Hence  the  space  of  description 

is  compounded  of  the  time  and  velocity,  and  this 
velocity  is  directly  as  the  space,  and  inversely  as  the 
time  }  while  the  time  itself  is  directly  as  the  space, 
and  inversely  as  the  velocity. 

In  the  case  of  accelerated  or  retarded  motions, 
the  inciting  or  obstructing  force  is  especially  to 
be  distinguished  :  It  may  be  generally  denoted 
by  the  letter /•     Force  and   Velocity ^   Time  and 
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Spacsy  are  quantities  in  a  state  of  continual  flux^ 
and  passing  through  a  series  of  proximate  stages. 
These  contiguous  steps  may  be  marked  by  re^ 
peated  accents,  and  their  successive  intervals  will 
form  the  minute  differences  or  difierentials  of  the 
varying  quantity  which  are  expressed  by  the  pre* 
fix  'd.  According  to  this  notation^  '^f^f' — yj 
'S  t;  =  v'— 4?,  'B  ^  =  ^— /,  and  'B  «  »  ^— ^9.  Now, 
the  velocity  of  a  body  being  the  result  of  the  ac- 
cumulated impression  of  the  accelerating  force, 
every  minute  accession  which  it  receives  must 
evidently  be  proportional  to  that  intensity  and  to 
the  duration  of  the  instant  in  which  it  is  exerted. 

Hence,  'dv  =  /  9^,  and/  =  ^.   Again,  though  the 

velocity  be  continually  varying,  it  may  be  view*- 
ed  as  constant  at  least  during  an  instant  of  time ; 
the  element  of  the  space  described  will  therefore 
be  proportional  to  the  velocity,  and  to  the  dura- 
tion of  its  momentary  flight.     Whence  '^s  =  vdt^ 

and  V  =^.     Combine  this  expression  with  the  for- 

mer,  andy^*  =  v^t.^^vbv.     Tlius,  the  acce^ 

terating  force  multiplied  into  the  variation  of  ifie 
gpacBf  is  equal  to  the  velocity  nntltiplied itUo  itecor- 
responding  variation.  But  this  exjpression  admits 
of  a  simpler  form.  Since  (t/  +  v)  (t/— ^)  =  v'*-^-4f*, 
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(md  1/  may  be  considered  t^  approximating  indefi" 
Qitely  to  V,  it  follows  that  2 1;  'd  v  =  'd.t;*  and  vH  v 
=  ^  'd.t;^  or  the  product  of  the  velocity  into  its  va- 
riation is  equal  to  half  the  variation  of  the  square  of 
the  velocity.  Wherefore, /^^  =  ^'d.v*,  or  thegc" 
nerating  force  multiplied  by  each  successive  element 
qf^  space  describedf  vnU  give  an  amount  equal  to 
hdffthe  variation  qfthe  square  of  the  corresponding 
vebcify. 

Suppose  this  generating  force  to  be  constant,  and 
the  sum  of  all  the  f^s  must  evidently  be  the  pro- 
duct of  ^  into  the  abrogate  elements  of  «,  whence  in 
the  case  of  a  constant  acceleration,^  =?  ^  9^.  But 
it  was  shown  generally,  thntfdt  s  'dt;,  and  conse* 
quently  f  t  net  v^  by  substitution,  therefore,  f  sss 
^*t*f  OTS^^ft^.  Now,  abstracting  from  the  resis- 
tance of  the  air,  bodies  near  the  surface  of  the  earth 
are  observed  to  fall  about  sixteen  feet  during  a  se« 
cond.  In  round  numbers,  y^  denoting  the  power  of 
gravitation,  is  hence  expressed  by  82.  Substitute 
this  number,  and  the  several  formulas  will  become 
definite.  IVherefore,  1,  82  ^  =  t^,  or  the  velocity 
acquired  in  falling,  is  equal  to  thirty-two  feet  multi^ 
plied  by  the  number  of  seconds  elapsed ;  2,  #  =  iGt^ 
=  (4/)*,  or  the  space  described,  is  equal  to  sixteen 
multiplied  into  the  square  of  the  time,  or  to  the 

square  of  quadruple  the  time  ;  3,  *  =  ^t^*  =  l-^  , 

or  the  space  of  descent,  is  equal  to  the  square  of  the 

VOL.  I.  F 
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eighth  part  of  the  acquired  velocity ;  4,  /  =  ^  ^  ^, 
or  the  number  of  seconds  in  falling,  is  the  fourth 
part  of  the  square  root  of  the  height  j  5,  i;  =  8  ^*, 
or  the  velocity  acquired,  is  equal  to  eight  times  the 
square  root  of  the  height ;  and  since  v  ^  S^s,  and 
t  =  i\/*>  therefore  6,  f?^=2  s,.  or  the  body  with  its 
acquired  velocity,  would,  in  the  time  of  its  descent, 
shoot  through  double  the  space. 

The  same  formulae  apply  in  the  case  of  bodies 
thrown  directly  upwards,  gravitation  acting  then  as 
a  retarding  force.  But  similar  results  are  deduced, 
from  the  inspection  of  a  simple  geometrical  diagram. 
Since  quantities  may  be  expressed  by  lines  or  surfaces, 
let  (fig.  57.)  the  equal  portions  AB,  BC,  CD,  DE, 
&c.  denote  the  successive  instants  of  time  elapsed, 
and  the  perpendiculars  BL,  CM,  DN,  EO,  &c. 
equal  to  the  whole  segments  AB,  AC,  AD,  AE,  &c., 
will  express '  the  velocities  acquired,  from  the  accu* 
mulated  action  of  the  same  inciting  force.  The 
spaces  described,  in  those  several  instants  will  hence 
be  represented  by  the  elementary  rectangles  CL, 
DM,  EN,  FO,  &c.  Wherefore,  the  whole  space  of 
descent  will  be  expressed  by  the  compound  or  ser* 
rated  triangle  KAT.  But  the  indented  boundary 
will  obviously  pass  into  a  straight  line,  if  the  inter- 
vals be  indefinitely  multiplied,  and  the  impulses  gra- 
duate into  a  continued  force. 

Since  the  circumscribing  square  AKTV  is  double 
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tiie  tirea  of  the  triangle^  it  follows,  as  already  stated, 
that  a  faUing  body,  if  no  longer  accelerated,  would, 
with  ita  acquired  velocity,  describe  double  the  space 
in  the  same  time.  -Hence,  also,  in  constantly  acce- 
lerated motions,  the  space  described  is  always  pro- 
portional to  tibe  square  of  the  time,  or  to  the  square  of 
the  velocity.  •-  The  inciting  force  is  here  conceived 
to  be  denoted  by  unit ;  but  if  it  undergo  a  change,  the 
annexed  triangfe  will  be  made  to  correspond^  by  in* 
creasing  or  diminishing  its  base  KT  into  KT^  in  the 
same  ratio.  Ifen^e,  during  the  same  interval,  the 
acquired  velocity,  and  the  spa6e  of  description,  will 
be  as  the  inciting  ftrce. 

motion  constantly  accelerated  or  retarded,  are  il- 
lustrated and  confirmed  by  Atwood's  machine. 
Thus,  each  box  being  loaded  with  15^  ounces,  if  a 
bar  equal  to  one  ounce  be  laid  over  the  box  A  (fig. 
36.},  this  excess  of  weight  is  the  3Sd  part  of  the 
compound  mass,  which  will  therefore  acquire  that 
share  of  the  entire  celerity  produced  by  the  accele- 
ration of  gravity.  The  box  A  will  hence,  in  a*  se- 
cond, drop  through  the  space  of  6  inches,  and  then, 
leaving  its  surplus  load  at .  the  stage,  it  will  conti- 
nue to  descend  uniformly,  at  the  rate  of  a  foot  each 
second.  Suppose  the  boxes  A  and  B  to  be  loaded 
respectively  with  iGjJ-  and  15^  ounces,  the  motion 
will  be  constantly  accelerated,  and  the  inciting  force 

F  2 
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being  the  same  as  before,  the  descents  will  form  a 
series  of  squares,  32  times  less  than  those  of  gravity. 
The  box  A  will  fall  through  6  inches  in  one  second, 
through  24  in  two  seconds,  and  through  54  in  three 
seconds.  Again,  let  each  box  hold  15^  ounces,  while 
A  has  a  bar  laid  across  it ;  after  A  has,  in  three 
seconds,  reached  54  inches,  and  dropt  the  bar,  let 
B  take  up  another  bar,  and  it  will  perform  an  op- 
posite retarded  motion,  rising  again  to  the  point 
from  which  it  fell.  This  alternate  ascent  and  de- 
scent may  continue  for  some  time. 

Such  examples  are  confined  to  uniformly  acce- 
lerated or  retarded  motions.  But  the  principles 
may  be  extended  geometrically  to  all  cases  where  the 
inciting  force  is  some  function  of  the  distance.  Let 
AB  (fig.  38.)  express  the  space  described,  and  the  or- 
dinate BC  of  the  curve  denote  the  corresponding  force 
which  urges  the  body.  The  element  BCcft  =Jf^^, 
we  have  already  seen,  is  proportional  to  the  acces- 
sions of  the  square  of  the  velocity  ;  and  consequent- 
ly the  square  of  the  velocity  acquired  in  passing 
through  AB,  is  represented  by  the  area  ABC,  while 
the  square  of  the  final  velocity  attained  is  measured 
by  the  whole  curvilineal  space  ACEDA. 

If  a  body  be  suddenly  turned  aside  from  its  course, 
it  will  su£fer  some  loss  of  impulsion.  Thus,  if  a  ball, 
rolling  on  a  horizontal  plane,  be  diverted  from  the 
line  AB,  (fig.  390  ^^^  ^^^  direction  BC,  the  im- 
pulsion, which  was  the  result  of  a  force  expressed  by 
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AB  or  BC,  is  resolved  into  a  force  BD  in  the  ex- 
tension of  AB,  and  another  force  DC  perpendicular 
to  this.  In  turning  from  B  into  the  line  BC,  the 
body  has,  therefore,  its  velocity  rednced,  in  the  ratio 
of  BC  to  BD,  or  of  radius  to  the  cosine  of  the  angle 
of  deflection  CBD.  The  loss  of  velocity  sustained  at 
B,  or  D£,  is  hence,  if  the  radius  be  reckoned  unit, 
as  the  versed  sine  of  CBD,  or  in  small  angles,  as 
half  the  square  of  the  sine  CD.  It  may  be  found 
very  nearly,  by  dividing  the  square  of  the  number  of 
degrees  contained  in  the  angle  by  6566. 

Conceive  the  change  of  direction  from  AB  (fig. 
40.)  to  D£  to  be  divided  by  a  s^es  of  intermediate 
deflections ;  the  loss  of  impulsion  will  then  be  as  the 
aggregate  of  half  the  squares  of  the  sines  o£  those  de- 
flections. Let  their  number  be  doubled,  and  the 
square  of  each  sine  will  be  reduced  to  one-fourth, 
and  their  sum  to  one-half.  Multiply  the  bondings 
indefinitely,  and  the  loss  of  velocity  will  thus  become 
insensible.  The  gradually  deflected  motion  in  a 
curve  is  hence  absolutely  unimpaired. 

• 

Suppose  a  body,  by  the  action  of  gravity,  to  slide 
down  an  oblique  plane  AC  (fig.  41.)  :  Draw  the 
bcM-izontal  line  CB  and  the  vertical  AB.  It  has  been 
already  proved,  that  the  weight  of  the  body  is  to  its 
effort  to  descend  in  the  direction  of  the  plane,  as  the 
length  AC  is  to  the  altitude  AB.  Wherefore,  from 
what  has  been  shown,  the  square  of  the  time  of  fall- 
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ing  through  AB  is  to  the  square  of  the  time  of  slid- 
ing along  AC,  in  the  compound  ratio  of  AB  to  AC, 
and  again  of  AB  to  AC,  or  as  the  square  of  AB 
to  the  square  of  AC.  Consequently  the  time  of  fall- 
ing through  the  perpendicular  AB  is  to  the  time 
of  the  ohlique  descent  through  AC,  as  AB  to  AC. 
Again,  the  velocity  acquired  in  the  direct  fall  is  to 
the  velocity  gained  during  the  oblique  descent  in  the 
ratio  compounded  of  AB  to  AC,  the  times  of  descrip- 
tion, and  of  AC  to  AB,  the  accelerating  forces, 
that  is,  in  a  ratio  of  equality. 

Let  a  body  descend  by  its  weight  through  a  suc- 
cession of  planes  AB,  BC,  CD,  &c.  (Bg.  42.)  Draw 
the  vertical  AG,  and  the  horizontal  lines  AI,  BE,  CF 
and  DG,  and  produce  CB  and  DC  to  meet  AI  in  H 
and  I.  When  the  body  arrives  at  B,  it  is  turned  into 
the  direction  BC  ;  and  when  it  has  reached  C,  it  is 
deflected  along  CD.  The  loss  of  force  occasioned 
by  these  deflections  may  be  overlooked  when  the  an- 
gles ABC,  CBD,  &c.  are  very  obtuse,  since  they  are 
only  as  the  versed  sines  of  the  supplements.  The 
velocity, which  the  body  gains  in  sliding  down  AB  i» 
the  same  as  it  would  have  acquired  in^descendii^ 
over  HB,  or  by  a  perpendicular  fall  from  A  to  £• 
In  descending  through  ABC,  therefore,  it  will  ac- 
quire the  same  velocity  as  if  it  had  fallen  from  A  to 
F.  The  body  hence  enters  on  the  plane  CD  with 
the  velocity  which  it*  would  have  gained  in  sliding 
from  I  to  C,  and  the  velocity  which  it  accumulates 
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at  D  will  be  the  'same  as  in  a  perpendicular  fall  from 
-  A  to  G.  In  a  series  of  many  planes,  therefore,  the 
velocity  acquired  is  always  the  same  as  in  an  equal 
vertical  descent.  If  we  substitute  curves,  the  con- 
clusion must  evidently  still  hold.  Hence,  balls  roll- 
ing along  different  curves,  from  the  horizontal  line 
ACE  (fig.  43.)  to  a  lower  level  BDF,  will  acquire 
equal  velocities  at  B,  D  and  F.  Hence  also,  if  a  ball 
suspended  by  a  fine  thread,  after  descending  through 
the  arc  of  a  circle,  meet,  in  its  subsequent  ascension, 
with  some  obstacle  which  gradually  shortens  the 
thread,  it  will  still  attain  the  level  from  which  it  fell. 

The  same  conclusion  is  derived  likewise  from  an- 
other principle,  and  rendered  even  more  general. 
The  vertical  inciting  force  at  the  horizontal  line 
GHIK,  (fig.  43.)  is  to  the  accelerating  force  in  the 
oblique  direction  HA,  as  Hh  to  Gff.  Wherefore, 
ffhik  being  .an  adjacent  parallel,  the  increase  of  the 
square  of  the  velocity  in  falling  from  G  to  ^  will  be 
to  the  corresponding  increase  of  the  square  of  the 
velocity  during  the  oblique  descent  through  Hh  in 
the  compound  ratio  of  Hh  to  G^,  and  of  Gff  to  HA, 
that  is,  in.&  ratio  of  equality.  A  body  descending 
along  the  curve,  AHB,  must  thus  receive  the  aug- 
mentation of  velocity  at  each  successive  parallel,  that 
another  body  dropped  from  A  will  acquire  in  the 
course  of  its  fail.  To  produce  this  effect,  it  is  not 
even  requisite  that  th^  inciting  force  should  remain 
constant,  the  essential  condition  being  merely  that  it 
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should  have  the  same  intensity  at  every  poi^t  of  any 
paralleL 

Let  AB  (fig.  44.)  be  an  oblique  plane,  and  BC  its 
altitude ;  draw  AD  perpendicular  to  AB,  meeting  the 
vertical  BD  in  D.  The  time  of  descending  through 
AB  is  to  the  time  of  falling  from  C  to  B  as  AB  to 
BC,  and  therefore  the  square  of  the  time  of  descent 
through  AB  is  to  the  square  of  the  time  of  the  ver- 
tical fall  CB,  as  the  square  of  AB  to  the  square  of 
BC,  that  is  (Geom«  vi.  15,)  as  BD  to  BC.  But  this 
ratio  is  the  same  with  that  of  the  squares  of  the  times 
of  falling  through  DB  and  CB ;  and  hence,  the  fall 
through  DB  is  performed  in  the  time  of  the  oblique 
descent  along  AB.  Now,  BAD,  being  a  right 
angle,  is  contained  in  a  semicircle,  and  therefore  ge- 
nerally the  times  of  deecent  through  d^erent  chords 
AB  and  EB  are  equal. 

.  Let  a  body  be  urged  by  a  force  whose  intensity  is 
directly  as  its  distance  from  a  given  point.  Thus»  if 
the  motion  be  performed  from  B  to  A  (fig.  45.) 
under  the  exertion  of  a  force  which  varies  with  the 
distance  from  the  point  A ;  haying  erected  the  per- 
pendicular BD  equal  to  AB  and  joined  AD,  it  is 
evident  that  any  other  perpaidicular  C£  must  ex- 
press the  intensity  of  the  inciting  force  at  C.  Where- 
fore, the  elementary  rectangle  CEec,  or  the  product 
of  that  force  into  the  element  of  the  space,  must  re- 
present the  increment  of  the  square  of  the  velocity ; 
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and,  consequently,  the  trapezoid  BD£C  will  repre- 
sent the  square  of  the  velocity  acquired  in  passing 
jfrom  fi  to  C.  But  this  trapezoid  is  the  excess  of  the 
triangle  BAD  above  C A£,  or  half  the  excess  of  the 
square  of  AB  above  the  square  of  AC.  With  the 
radius  AB  describe  the  quadrant  B6,  produce  EC 
and  6C  to  F  and^,  and  join  AF.  The  square  CF  is 
obviously  equal  to  the  excess  of  the  square  of  AF  or 
AB  above  the  square  of  AC,  and  consequently  in 
this  species  of  accelerated  motion,  the  perpendicular 
CF  bounded  by  the  circumference  will  denote  the 
velocity  acquired  at  C,  the  final  velocity  being  ex- 
pressed by  AG  or  AB. 

The  same  conclusion  is  derived  in  another  way. 
Draw  F^  parallel  to  AB  and  join  AF ;  the  ele- 
mentary triangle  F^  being  evidently  similar  to 
ACF,  it  follows  that  AC  :  CF  :  :  ^:  F^  or  Cc,  and 
ACCcsCF.^  But,  applying  the  formula/S^^vdv, 
the  aocelarating  force  f  being  here  denoted  by  the 
qpace  AC  or  «,  and  Cc  by  Is^  the  ordinate  CF,  and 
its  increment  pf  are  evidently  expressed  by  the  ve- 
locity V,  and  its  increment  Iv. 

Other  leading  properties  are  easily  deduced  from 
the  same  figure.     For,  CF  :  AF  :  :  F^  or  Cc  :  ]^, 

Cc   F/         ly    . 

and  hence  7Tp=  r^      ^^t  ^4,  evidently  denotes 

the  minute  portion  of  time  in  which  the  elementary 
arc  Yf\%  described  by  the  final  velocity  AF  or  AB, 
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'.     Cc 

while  pp  denotes  the"  time  in  which  the  elementary 

space  Cc  would  .be  described  by  the  velocity  acquir- 
ed at  C.  Wherefore,  collecting  those  elements,  the 
accelerating  body  passes  over  the  space  BC  in  the 
same  time  that  another  body,  moving  uniformly  with 
the  final  velocity,  would  describe  the  arc  BF.- 

This  final  velocity  is  the  same  as  what  would  be 
acquired  by  a  constant  acceleration  from  the  half  of 
only  the  first  intensity ;  for  bisect  BD  in  H,  and 
describe  the  rectangle  HBAI,  which  will  be  equal 
to  the  triangle  ABD ;  a  body  urged  by  the  inva- 
riable force  BH  will  hence  acquire  at  A  the  same 
square  of  velocity  as  another  which  is  incited  by  a 
force  varying  from  the  initial  -  intensity  BD  in  the 
ratio  of  the  distance  from  A.  But  the  velocity  ac- 
quired by  an  unifonn  acceleration  would  carry  the 
body  through  double  the  space  AB  during  the  de- 
scent from  B  to  A.  Wherefore  the  time  elapsed 
during  the  uniform  acceleration  through  AB,  is  to 
the  time  required  for  its  description  by  a  force  of  a 
regularly  diminishing  intensity,  as  the  diameter  of  a 
circle  to  the  length  of  the  quadrant,  or  as  a  square 
to  the  inscribed  circle,  that  is,  as  1  to  .785398,  or 
nearly  in  the  ratio  of  14  to  11. 

It  thus  appears,  that  the  celerities  generated  by  an 
uniform  acceleration  from  B  to  C  and  to  A,  are 
measured  by  the  chords  BM  and  B6  in  the  circle, 
or  the  ordinates  CM  and  AL  of  a  parabola,  which 
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has  B  A  for  half  its  parameter.  The  celerities,  again^ 
derived  from  the  action  of  a  force,  decreasing  as  its 
distance  from  A,  are  denoted,  at  the  same  points,  by 
CF  and  AG.  In  like  manner,  while  the  chords 
BM  and  BG  express  the  times  of  falling  to  C  and 
A  by  an  uniform  acceleration,  the  corresponding 
arcs  AF  and  AFG  of  the  circle  will  express  the 
times  of  descent,  when  the  body  is  urged  by  a  force 
proportional  to  the  distance  from  the  centre  A. 

Let  a  body  slide  down  a  small  circular  arc  FB 
(fig.  46.)  The  accelerating  force  at  any  point  G, 
will  be  as  the  sine  of  the  corresponding  obliquity,  or 
as  the  sine  of  the  arc  BG,  which  differs  not  sensibly 
from  the  length  of  this  arc  itself.  Wherefore,  the 
body  will  be  urged  in  its  descent  by  a  force  very 
nearly  proportional  to  its  distance  from  the  lowest 
point  B.  The  final  velocity  attained  at  B  in  the  cir- 
cular sweep,  will  evidently  be  the  same  as  what  would 
be  acquired  in  sliding  through  the  chord  £BFB. 
The  inciting  force  at  F  in  the  arc  is  likewise  double 
the  constant  force  exerted  in  the  chord  ;  for  the 
oblique  angle  FHI  is  double  of  declivity  FBH. 
Wherefore,  the  time  of  descent  in  the  small  arc  is  to 
the  time  of  descent  in  its  chord,  as  a  square  to  its  in- 
scribed circle.  It  is  obvious  that  a  ball,  suspended  by 
a  thread  OB  from  the  centre  O,  and  therefore  called 
a  Pendulum^  would  oscillate  in  arcs  of  the  circle.    ' 

Since  the  time  of  oscillation  has  a  constant  ratio 
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to  that  of  descent  through  the  chords  or  the  diame- 
ter,  its  square  must  be  proportional  to  the  length  of 
the  pendulum.  On  the  supposition  that  the  diame- 
ter BF  of  the  circle  is  16.09^3  feet,  the  descent 
through  any  chord  will  be  performed,  on  the  paral- 
lel of  London  and  at  the  level  of  the  sea,  in  a  second, 
and  consequently  each  half  vibration  would  occupy 
•785398^  or  a  whole  vibration  1.570796",  the  ex. 
pression  for  the  semicircumference  of  a  circle  of 
which  the  diameter  is  unit. 

Such  is  the  time  in  which  a  pendulum  of  8.04765 
feet  length  must  perform  its  vibrations.  Hence  the 
measure  of  a  pendulum  oscillating  single  seconds 
may  be  easily  found.  For  the  square  of  the  circum- 
ference of  a  circle  is  to  quadruple  its  circumscribing 
square  as  8.04765  to  3.2616  feet,  or  39.1393  inches, 
the  length  of  a  seconds'  pendulum  for  the  latitude 
of  London.  In  round  numbers,  the  analogy 
10  :  4  :  :  8  :  3.2  affords  a  very  tolerable  approxima- 
tion ;  in  short,  the  fifth  part  of  the  fall  in  any  place 
on  the  earth's  surface  during  a  second,  is  nearly  the  . 
corresponding  length  of  a  pendulum. 

Hence,  a  clock  will  be  made  to  go  faster  or  slow- 
er, by  raising  or  depressing  the  bob  of  the  pendu- 
lum. Let  /  and  I'  be  two  approximateiengths  of  its 
rod,  and  3/  +  /' :  3/'  +  /':  :  86400"  :  to  the  number 
very  nearly  of  beats  in  a  day.  The  shortening  of 
the  rod  of  a  seconds'  pendulum,  only  by  the  tenth 
part  of  an  inch,  would  therefore  occasion  an  accele- 
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ration  of  114^^,  in  the  space  of  24  hours.  A  single 
turn  of  the  nut-screw,  of  whfch  the  thread  is  one- 
thirtieth  part  of  an  inch,  will  correspond  to  94^^ 

In  very  small  arcs,  the  vibrations  of  the  pendulum 
may  be  viewed  as  isochronous.     But  the  time  of  de- 
scribing a  large  arc,  such  as  BE,  (fig.  46.)  is  consi- 
derably longer  ;  for  the  inciting  force  at  any  point 
£  being  proportional  only  to  the  sine  EK,  and  not 
to  the  arc  itself,  is  now  much  inferior  to  what  would 
be  necessary  to  produce  a  descent  in  the  same  time* 
A  seconds'  pendulum  would  require  1.18''  to  describe 
the  full  semicircle,  and  1.073&'  to  sweep  over  an 
arc  of  120^.     In  small  arcs,  the  daily  retardation  in 
seconds  will  be  expressed  nearly  by  five-thirds  of  the 
square  of  the  number  of  degrees  through  which  the 
pendulum  traverses  on  either  side  of  the  vertical. 
Thus,  if  the  vibration  should  alternate  the  arc  of  3% 
a  clock  will  lose  in  the  space  of  24  hours  a  quarter 
of  a  minute,  or  a  whole  minute  if  this  arc  were  dou- 
bled.   The  correction  for  the  going  of  a  clock,  how- 
ever, may  be  simplified  by  drawing,  across  the  case, 
an  horizontal  line  divided  into  inches  and  tenths, 
S6|  inches  below  the  point  of  suspension.      The 
square  of  the  number  of  inches  through  which  the 
rod  of  the  pendulum  oscillates,  will  express  in  seconds 
the  alteration  of  the  rate  m  the  course  of  a  day. 

To  the  Cycloid  belongs  the  remarkable  property, 
that  the  time  qf  descent  through  every  arc  is  abso- 
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lutefy  the  same.  For  let  ADB  (fig.  57.)  be  a  cycloid^ 
of  which  CGD  is  the  'generating  circle.  From  the 
property  of  the  curve,  (see  Geometry  of  Curve 
Lines),  the  tangent  at  any  point  £  is  parallel  to  the 
chord  GD  of  the  generating  circle  ;  and  conse- 
quently the  inclination  of  descent  to  the  horixon  is 
equal  to  the  angle  DGH  or  DCG.  But  the  sine 
of  this  angle  to  a  .radius  CD  is  DG,  of  which  the 
cycloidal  arc  D£  is  double.  The  accelerating  force 
at  each  point  of  the  cycloid  is  therefore  proportional 
to  the  arc  intercepted  from  D,  and  consequently  the 
time  of  descent  must,  in  all  cases,  be  thie  same. 
But  a  pendulum  KP£,  suspended  from  K,  and  vi- 
brating between  the  inverted  semicycloids  AK  and 
BK,  would  describe  the  cycloid  ADB.  The  oscil- 
lations of  such  a  constrained  pendulum  would  hence 
be  perfectly  isochronous.  This  cycloidal  pendulum 
will,  near  the  lowest  point  D,  evidently  coincide  in 
its  motion  with  that  of  a  circular  pendulum  having 
the  same  length  CD,  which  is  the  radius  of  curva- 
ture. But,  in  the  large  aberrations  from  the  verti- 
cal, while  the  warping  pendulum  maintains  its  iso- 
chronous oscillation,  the  inflexible  pendulum  will 
suffer  a  visible  retardation. 

If  the  cycloid  ADB  were  extended  into  a  straight 
line  equal  to  twice  DN^  and,  with  this  radius,  a  ce- 
micircle  described  upon  it,  a  perpendicular  erected 
from  any  point,  as  now  diown  in  reference  to  fig. 
4£».,  would  denote  the  acquired  velocity,  and  would 
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cut  off  an  arc  proportional  to  the  time  elapsed.  But 
the  section  of  a  semicircle,  constituted  on  the  expan- 
sion of  a  portion  of  the  cycloid,  situate  equally  on 
both  sides  of  D,  will  intimate  the  same  proportional 
quantities. 

The  Cydaid  is  likewise  distinguished  as  the  curve 
of  moifiest  descent.  Thus,  a  body  will  slide  from 
B  to  £,  (fig.  570  along  the  cycloidal  arc  BD£  in 
a  diorter  time  than  by  any  other  track,  whether 
straight  or  curvilineal.  To  demonstrate  this  beauti- 
ful property,  it  will  be  sufficient  to  show  that  a  body 
descending  in  the  curve,  would  sweep  over  each 
portion  of  it  in  the  shortest  interval.  Suppose,  in 
general^  that  a  body  falling  from  A  to  B,  (fig.  95.) 
makes  its  quickest  transit  in  a  vertical  plane  from  A 
to  B^  passing  by  some  point  C  in  a  ^ven  inter- 
mediate horixontal  line  CD.  Let  the  velocity  of 
description  between  A  and  C  be  denoted  by  £, 
and  that  between  C  and  B  by  F.  If  an  adjacent 
point  c  be  assumed,  it  is  obvious,  that  in  the  position 
of  a  mtnmwm  transit,  the  increment  of  the  time  of 
passage  from  A  to  c  must  be  just  equal  to  the  de- 
crement of  passing  from  c  to  B.  Wherefore,  de* 
scribing  the  arcs,  or  letting  fall  the  perpendiculars, 
{ja  and  cfr,  the  elemental  space  ca  must  be  described 
with  a  velocity  £,  in  the  same  instant  that  ab  is 
tnced  with  the  velocity  F.  Hence  ca  is  to  Cfr,  or 
the  cosine  of  the  angle  ACD  to  the  cosine  BCD, 
as  £  to  F.     The  condition  of  the  curve  of  swiflcst 
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descent,  b  therefore  such,  that  the  sine  of  the  angle 
which  each  portion  of  it  makes  with  a  vertical  is  pro* 
portional  to  the  celerity  of  descent*  But  this  is  a  dis*- 
tinguishing  property  of  the  cycloid ;  for  the  celerity 
acquired  by  a  body  in  descending  from  the  extre- 
mity A  to  E  (fig.  57 •)  is  measured  by  the  chord  CG, 
which  likewise  expresses  the  sine  of  the  angle  CD6, 
made  by  the  curve  at  £  with  a  vertical  line. 

It  hence  follows,  that  the  diameter  CD,  denoting 
the  time  of  falling  through  this  height,  the  semicir- 
cumference  CND  will  express  the  time  of  descending 
through  the  semicycloidal  arc  from  B  to  D,  while 
the  chord  DB  itself  will  measure  the  descent  over 
this  inclined  plane.  The  time  of  arriving  in  the 
cycloid  from  B  to  I  will  likewise  be  expressed 
by  CNDK  or  D,  the  semicircumference  with  the 
arc  K  intercepted  by  the  parallel  IKN.  The  time 
of  sliding  down  the  inclined  plane  BI  is  evidently 
measured  by  L,  the  fourth  term  of  this  analogy, 
CK  :  CD  :  :  BI ;  L. 

To  find  the  track  of  swiftest  descent  from  B  to 
any  point  M,  it  is  only  required  to  produce  BM  till 
it  meet  a  given  cycloid  in  I,  and  make  BI  to  BM  as 
CD  to  the  radius  of  a  generating  circle,  which,  roll-- 
ing  along  BA,  would  trace  another  cycloidal  arc 
passing  this  M. 

On  this  property  of  the  cycloid  are  founded  some 
applications,  very  useful  in  practical  mechanics. 
Thus,  in  Switzerland  and  several  parts  of  Germany, 
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slides  have  been  constructed  along  the  sides  of  moun- 
tains, by  which  the  timber  felled  near  their  summits 
is  conducted  with  extreme  rapidity  to  the  distant 
valleys.  In  such  cases  the  angle  of  descent  is  taken 
greatest  at  first,  and  afterwards  gradually  diminished. 
A  similar  incurvation  should  be  traced  in  laying  the 
slips  for  launching  vessels  from  the  stocks. 

Oscillations  in  different  arcs  of  the  cycloid  are  al- 
ways performed  in  the  same  time,  because  the  inci- 
ting forces,  as  we  have  proved,  are  exactly  propor- 
tional to  the  spaces  described.  But  the  same  pro- 
perty must  obtain,  whether  the  tracks  of  motion  be 
curved  or  rectilineal.  The  only  condition  required,  is, 
that  the  body  should  be  urged  by  a  force  directly  as 
its  actual  distance  from  the  middle  point  of  the  path 
traced.  This  principle  has  a  most  extensive  applica- 
tion in  the  economy  of  Nature.  It  includes  not  only 
the  isochronous  vibrations  of  pendulums  and  springs, 
but  comprehends  all  those  internal  tremors  excited  in 
any  system  of  atoms  upheld  by  the  antagonism  of  at- 
traction and  repulsion.  Hence  the  regular  propaga- 
tion of  pulses  through  air  and  through  water  ;  and 
hence  likewise  the  equable  transmission  of  the  tre- 
mulous impressions  along  beams  of  wood  and  bars 
of  iron. 

Weights  attached  at  different  distances  from  the 
point  of  suspension,  constitute  a  Compinmd  Pen* 
duium.     But  since  short  pendulums  vibrate  faster 
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than  long  ones,  the  nearer  we^^ts  mu^b  c^p^ire  to 
accelerate  the  motion  of  such  as  are  ren^qte ;  while 
these  again  retard  the  former.  Th^re  is  hence  ^ 
certain  neutral  point  entirely  exepipt  fiipm..the  op- 
posite impressions.  This  point  is  call^  the  Ce^re  (^ 
OsciUation^  and  its  distance  from  that  of  susp^e^im 
is  equal  to  the  length  of  a  simple  pendulup,  which 
vibrates  in  unison  with  the  compound  one.     Suppose 

(fig.  470  ^^^  ^^  ^>  Q  ^^^  ^  ^^^  fixed  to  a  very 
slender  inflexible  rod,  their  centre  of  Ofscillation 
being  O.  It  is  obviouS)  that  in  every  position  of 
the  pendulum,  the  tangents  to  the  arcs  of  descrip* 
tion  will,  at  the  several  points  B,  Q  O  and  D,  make 
equal  angles  with  the  horizon,  and  consequently  thoite 
points  are  all  urged  by  the  same  measure  of  fcnrqe^ 
To  render  the  descents  in  the  arcs  B£,  CF,  ON  and 
DH  isochronous,  it  would  have  required,  however, 
the  inciting  energies  to  be  proportional  to  them,  dr 
to  the  respective  distances  AB,  AC,  AO  and  AD* 
If  AO,  therefore,  express  the  accelerating  power  at 
P,  BO  and  CO  will  denote  thp  excess  of  accelera^ 
tion  at  B  and  C,  and  DO  the  retarding  influence  4t 
D.  But,  from  the  principle  of  the  lever,  the  e^Sect 
of  these  disturbing  forces  in  moving  the  pendulum 
must  l;e  as  their  distances  from  the  point  of  suispeor 
sion.  Wherefore  the  accelerating  action  at  the  Q&ti^ 
tre  O  must  be  equal  to  that  of  retardation  ;  or 
B.BO.  AB  +  C.CO.  AC  =  D.DO.  AD.  But  BO  = 
Aa^A3,C0  ==  AO— ACp  and  DO  ?=  AD— AO  j 
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by  sdlniktttiDii  consequently  B  (AO^'AB)  AB  -4- 

C(AO— AC)  AC  s=  D(AD— AO)  AD,  or 

B.AO.AB  +  B.AB*  +  C.AO-AC^  C.AC*  = 

D-AD^— D.ACAD ;  whence  AO  (B.AB+  a  AC 

+  D.AD)  =  B.AB*  +  C.AC*  +  D.AD*  and 

.^     B.AB' +  C.AC»  +  D.AD»    ,^     -■    , 
^Q=    B.AB+C.AC+D.AD     '  Wherefore  ^A« 

distance  tfthe  Ventre  of  Oscillation  from  the  point 
of  suspension,  is  found  hjf  nrnltifiying  each  weight 
into  the  square  of  its  distance  from  iliat  point,  and 
dividing  by  the  sum  of  the  products  of  those  weights 
into  their  distances  simply. 

The  same  procedure  will  apply^  should  any  of  the 
weights  occupy  a  positipn  above  the  point  of  suspen- 
sion ;  only,  in  this  case,  their  products  into  the  se- 
veral distances  must  be  taken  as  subtractive.  The 
general  formula  will  admit  of  being  modified  also,  in 
relation  to  G  the  Centre  of  Gravity.  For,  from  the 
property  of  the  lever, 
B.AB+C.AC+D.AD  =  (B  +  C  +  D)  AG  ;  and 

,      .  ^       B. AB»  +  C.AC  *  +  D. AG* 
consequently  AO  = (B  +  C  +  D)  AG ' 

Again,  since  AB  =  AG— BG,  AC  =  AG— CG, 
and  AD  =*  AG  +  DG,   it  follows,    by  involution 
and  substitution,  that  AO  ^ 
B(AG*+BG»)+C(AG*+CG*)+D(AG*+DGO 
(B  +  C  +  D)  AG  —' 

-1  .1.     r      r^n      B.BG*  -f  C.CG*  +  D-DG» 
and  therefore  OG  = (B  +  C  +  D)  AG * 

o  2 
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Whence  the  interval  of  the  centre  ofoedttaium  be- 
;  low  thej^Uxt  <]/l,iinjiijiimHi  will  be  faimdj  by  divi- 
dinff  the  sum  of  the  products  qfthe  weights  into  the 
squares  of  their  several  distances  from  the  centre  of 
gravity  y  by  the  product  of  the  sum  of  all  the  weights 
into  the  distance  of  the  centre  of  gravity  from  the 
point  of  suspension. 

By  either  of  these  theorems,  the  position  of  the 
centre  of  oscillation  is  computed.  Hence,  an  even 
slender  rod,  viewed  as  a  mathematical  line,  and  sus- 
pended from  the  end,  has  its  centre  of  oscillation 
situate  at  two-thirds  of  its  length  ;  but,  in  an  isosce- 
les triangle  vibrating  flatwise,  it  is  three-fourths  be- 
low the  vertex  ;  and,  in  a  parabola,  the  position  is 
intermediate,  being  at  the  five-seventh  part  of  the 
axis.    Again,  the  distance  of  the  centre  of  oscillation 

of  a  cone,  suspended  from  its  apex,  is  — ,  where 

o  a 

a  denotes  the  altitude  of  the  cone,  and  r  the  radius 
of  its  base  ;  and  consequently  this  distance  becomes 
equal  to  four-fifths  of  the  altitude,  when  the  cone  is 
viewed  as  indefinitely  slender.  Of  a  hemisphere  vi- 
brating from  its  pole,  the  centre  of  oscillation  divides 
.  the  radius,  in  the  ratio  of  @6  to  9  j  but,  of  a  whole 
sphere,  it  occupies  seven-tenths  of  the  diameter. 

The  centre  of  oscillation  being  found  for  one  point 
of  suspension  may  be  readily  discovered  for  any  other, 
since  the  product  of  the  distances  of  both  those  points 
from  the  centre  of  gravity  remains  always  the  same. 
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Tlius,  if  a  slender  cylinder  be  supported  by  a  line, 
the  depression  of  its  centre  of  oscillation  below  the 
middle  point  will  be  equal  to  the  square  of  the  length 
of  the  cylinder  divided  by  twelve  times  the  distance 
of  that  middle  from  the  point  of  suspension. 

Again,  let  a  sphere  be  suspended  by  a  fine  thread. 
Then  the  length  of  this  thread,  together  with  the 
radius,  is  to  the  radius,  as  two-fiflhs  of  this  radius,  to 
the  depression  of  the  centre  of  oscillation  below  the 
centre  of  the  sphere.  Suppose  a  ball,  or  a  lenticular 
bob  flattened  in  the  same  proportions  and  0  inches 
in  diameter,  to  hang  by  a  fine  wire  or  very  slender 
rod  of  36  inches  in  length.  Then  36  +  3 : 3 : :  f  :  /y. 
So  that  in  this  case  the  centre  of  oscillation  would 
be  39-^7  inches  below  the  point  of  suspension. 

In  general,  the  distance  of  the  centre  of  oscillation 
below  that  of  gravity,  is  inversely  as  the  distance  of 
the  point  of  suspension  from  the  same  centre ;  for 
the  system  of  atoms  being  unaltered,  the  product  of 
the  distances  of  the  centre  of  gravity  from  those  op- 
posite points  is  constant.  Hence  the  centre  of  os- 
cillation and  the  point  of  suspension  are  interchange- 
able. Thus,  if  the  compound  pendulum  ABCD 
(fig.  47.)  were  suspended  from  O,  the  centre  of  oscil- 
lation would  occur  in  the  point  A.  This  pendulum 
would  therefore  perform  its  vibrations  in  the  same 
time,  either  about  A  or  O. 

Let  two  equal  balls  B  and  C  (fig.  48.)  be  at- 
tached to   the   inflexible   line  AC,  which  swings 


A 


102  ELEMENTS  OF 

from  the  end  A  ;  since  BC  is  now  bisected  by  the 

centre  of  gravity,  GO  = — ojrn —  ^  AT  *    ^^ 

GO  :  BG  :  :  BG  :  AG.     Whence,   by  mixing, 
BG— GO  :  BG  +  GO  :  :  AG— BG  :  AG  +  BG, 
or  OC  :  OB  :  :  AB  :  AC  j  the  interval  BC  be- 
tween the  balls  is,  therefore,  divided  internally  and 
externally  in  the  same  ratio,  by  the  centre  of  oscil- 
lation and  the  point  of  suspension.     In  (fig.  490  ^^^ 
ball  B  is  placed  as  much  above  the  point  of  suspen- 
sion as  in  fig.  48,  it  lies  below  it ;  the  centre  of  os- 
cillation O  is  now  thrown  to  a  considerable  distance, 
dividing  BC  externally  in  the  ratio  of  AB  to  AC. 
Hence,  by  proportioning  the  distances  of  the  balls  of 
a  short  pendulum  on  both  sides  of  the  point  of  sus- 
pension, it  may  be  made  isochronous  with  one  of  any 
given  length.     Slow  vibrations  are  thus  obtained 
within  narrow  bounds.     On  this  principle,  is  con- 
structed a  small  instrument  called  a  Metronome^  for 
marking  conveniently  the  beats  in  music. 

The  position  of  the  centre  of  oscillation  will  de- 
termine the  character  of  HockiTijgi  Stones,  for  we  may 
consider  them  as  only  rolling  about  their  metacentre. 
Suppose  a  wooden  models  ^as  in  fig.  26.,  consisting 
of  a  cylinder  9  inches  high  and  3  inches  in  diame- 
ter ;  if  a  thin  convex  segment  with  a  radius  AO  of 
4  inches  were  attached  to  the  base,  it  would  not 
stand  upon  a  plane,  but,  placed  in  a  cavity  less  than 
three  feet  in  diameter,  it  would  rock.     TTius,  if  the 
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radius  AP  of  the  concavity  were  6  inches,  AM  would 

6.4  .  .  ' 

be  g^  =12  inches  ;  or  if  AP  were  24  inches,  AM 

24.4  ; 

would  be  ^4^4=  4.8.  Now  the  centre  of  oscillation 

of  the  cylinder  being  at  twt>4hirds  of  its  height,  is  6 

indues  from  the  top,  and  its  distance  from  the  point 

fill, 
of  suspension  when  AM  =  12,  is  t^:^i=1«2;  but 


12-4 


J 


when  AM  =  4.8,  it  is     /^     =  30.     Wherefore, 

smce  80  =i=  1.2  X  25  and  ^  25  =  5,  the  latter  ar- 
rangement  will  make  the  vibrations  five  times  slower 
than  the  former. 

Suppose  a  body,  urged  by  a.  force  inversely  as  the 
square  of  it^  distance,  to  fall  towards  a  given  centre, 
ite  celm^.and'  time  of  descent  may  be  eaidly  deri- 
ved from  the  general  principles  of  phoronomics.  Let 
the  path  traced  reach  from  A  to  O  (fig.  43  •.),  bi- 
sect AO  in  I,  and  describe  a  semicircle,  draw  tha 
tangent  AL,  and  taking  an  ordinate  BC,  extend  the 
^^rd  QjC.  to  L,  and  assuming  an  adjacent  ordinate 
be,  prolong  the  chord  Oc  to  meet  the  tangent  in  /• 
Mal^  OB :  QA  : :  OI :  OM : :  QM  :  ON  j  whence 
Q»*  :  QAr  :  ;•  01 ;  QN,  jind  pi  >emg^  constant, 
ON  xnu^  represent  the  forpe  of  acceleratipn  at  B. 
Npvf^.frpm  simile  triangles,  Ge  or  Bb: Cc: :  BC  :  IC, 
erOI»    Again,  theelementary triangles  COcand  LO/ 


104  £l£mc^ts  of 

b^ing  similar,  Cc  iU :  :  BC  :  AL :  :  OB  :  O  A  :  : 
01  :  OM,  and  by  composition  of  ratios,  BC  :  OM  : : 
Bb:U:  ButBC:  AL::OB:OA::OM:ON, 
and  alternately,  BC  :  OM  :  :  AL  :  ON.  Whence 
AL  :  ON  :  :  B5  :  17  and  AL.U  =  ON.B*.  '  In 
the  formula, y*d  «  =  t^^d  i^;  /and'd  s  being  denoted 
by  ON  and  Bd,  it  follows  that  AL  will  represent  the 
velocity  acquired  at  B,  the  increment  being  JJ. 

To  find  the  time  of  fall  due  to  this  law  of 
acceleration.  Since  AL  :  BC  :  :  OA  :  OB,  it  fol- 
lows, that  -ry.  Bb  zz  -^p.B&.    But  OA  being  con- 

OA 

stant,  the  expression,  -j^.Bi  denotes  the  element 

of  the  time,  which,  by  decomposing  the  fraction 
-sji^,  is  therefore  equal  to-:Kysi,C*  +  ^sp*  Ck.      Now, 

from  the  similar  triangles  CBI  and  C*c,  BC :  Bl : : 

BI 
C>n  i.xCs  and  BC :CI::Ck:Cc;  whence  np»C;c  =  »o, 

CI 

^^t^.Ck  =  Cc,  and  the  element  of  the  time  is  com- 
pounded of  xc  and  Cc,  or  of  the  increment  of  the 
sine  BC  and  of  its  arc  AC.  The  time  of  falling 
from  A  to  B  is,  therefore,  denoted,  by  the  sum  of 
BC  and  AC  ;  and  that  of  the  whole  descent  to  the 
centre  O,  by  the  semicircumference.  It  is  hence 
evident,  that  the  ordinate  BCD  of  a  cycloid  which 
has  AO  for  its  altitude,  must  likewise  expresK  the 
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time  of  paMsg  from  A  to  B«  The  properties  of 
these  three  modes  of  acceleration  are  all  exhibited 
collectively  in  fig.  43  *•  The  velocity  which  a  bo- 
dy uniformly  accelerated  acquires  in  falling  from 
A  to  B,  is  r^resented  by  the  chord  AC,  while  the 
veiocity  accumulated  by  an,  acceleration  inversely  as 
the  square  of  OB<  i»  d^ioted  by  the  tangent  AL. 
But  the  fermer  is  to  the  latt^  as  OC  to  OA5  or  in 
the  subduplicate  ratio  of  OB  to  OA^  for  by  similar 
triangles  OC  :  OA :  :  AC  :  AL.  The  ultimate  ce- 
lerity of  the  one  being  as  O  A,  that  of  the  other  be- 
comes infinite. 

The  time  of  initial  descent  through  a  minute  space 
being  obviously  the  same  in  all  the  modes  of  accele- 
ration^  while  the  arc»  together  with  its  sine,  is  at  first 
double  of  the  chord,  it  follows  that  the  time  of  falling 
to  B,  under  an  uniform  action,  must  be  represented 
by  twice  AC  i  the  ordinate  of  the  cycloid  denoting 
the  corresponding  time  elapsed,  when  the  body  is 
urged  by  a  force  inversely  as  the  square  of  OB.  The 
whole  times  of  descent  are  hence  respectively  as  SOA 
to  OF  or  ACO  ;  that  is,  as  a  square  is  to  its  inscri- 
bed circle. 

In  the  case  of  a  body  urged  by  a  force  directly 
proportional  to  the  distance  from  a  given  centre, 
the  velodty  acquired  at  B  will  be  r^resented  qa 
the  same  scale,  by  diminishing  the  ordinate  BH  of, 
the  quadrant  in  the  ratio  of  AG  to  AO.  The  time 
elapsed  during  the  fall  to  B  will  be  expressed  by 
the  arc  AH,     The  final  velocity  at  O  is  theriefor^ 
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denoted  by  OP  perpendicular  to  AG»  and  the  whole 
thno  of  descent  by  the  quadrantal  ane  AHG,  or  the 
semicircumference  ACO.^ 

^ese  properties  furaiah  the  solution  of  some  cu- 
rious problems.  Thus^  suppose  the  axis  of  the  earth 
were  perfoiuted  iimn  pole  to  pole :  a  body  fallnig 
through  the  perpendicular  hoie^  being  attracted  on 
aUi  sideS)  would  Be  urged  downwards  only  by  a  predo* 
miiMmg,  force  prc^rtional  to  its  distance  from  die 
centre.  The  velocity  ac<piired  at  this  centre^  reclaming 
the  li^gth  of  the  axis  7900  miles,  would  hence  be 
g^/895a5280j  _  g^gg^  ^^^^  ^^^  ^^^^j^      ^^ 

t^me  of  descent  is}^J{^^^^=U^^^^^^ 

31^  8'^^,  and  the  whole  timie  of  passage  to  the  op^ 
jtosite  pole  42^,  16"^. ,      . 

.  Conceive  a  body  tlider  the  mere  influence  of  ter- 
resttisl  attraction,  tQ  £ei11  from  the  orbit  of  the  moon . 
tootle  raMh's  surface.  At  the  mean  distanjce  of  60  se^ 
niid^Mnet^rs,  tiie,  initial^  fierce  would  be  diminieiied. 
3600  times :  with  the  sam^  coniStiued  acceleration, 
therefore,  it  would  consume  the  period  represented  by. 

^^/(59.3956.52gO)  IT  526578",  01-6  days,  gliours. 


J   J    1  •  / 


l6>i]iifitttes;4a[id  Idseisendb,  m  performing  .the  whole 
desoent.      the  final  velocityy^on  this  supposition, 

would  be  ^V(59.395p.5280)  =  4680,69  feet  each 
second. 
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It  js  easily.computed,  that  a  taDgent  at  tbe  Mrth's 
surface  would  intercept,  frop  a  semicirele  d^esibed 
on  the  radius  of  the  lunar  orbit,  the  arc  of  165^  ff  54f\ 
But  as  twice  the  chord  of  this  arc,  or  3*98^4020,  is 
to  the  sum  of  the  arc  and  its  sine,  or  3JS86812,  so 
is  the  time  of  descent  under  an  uniform  acceleration, 
to  the  tune  required  with  an  accelention  inversely 
as  the  aquave  of  the  distanqe  fron  the  centre  ]  ytbkk 
is  heneis  414646'^  or  4  days,  9  hours,  10  miatftea, 
and  45  seconds.  Again,  the  final  velocity,  being  aug- 
mented in  thesobdupli^te  ratio  of  I  to  60,  is  36256,45 
feet,  or  about  seven  miles  each  second. 

In  general,  r  d^ioting  in  feet  the  radius  of  the 

Earth,  the  velocity  which  a  body  would  acqi^  in 

falling  with  an  uniform  acceleration  from  the  height 

8 
nr  to  the  surface  will  be  expressed  by  -^(w — l)r/ 

and  consequently  the  velocity  acquired  under  an  ac- 
celeration inversely  as  the  squaroof  the  distance  from 


the  centre  will  be  denoted  by  S^/r^  -— -^.  When 

n  is  indefinitely  great,  the  final  celerity  is  hence  8^r, 
or  36562.43  feet,  the  mean  radius  being  3956  mile& 
Abstracting,  then,  from  the  resistance  of  the  atmos- 
phere, a  body  shot  directly  upwards  with  a  velocity 
of  SG256.4/5  feet  each  second,  would  mount  to  tha 
orbit  of  the  mooa  jf  but,  with  die  addition  of  one 
ISOth  part  more,  or  305  feet  each  second,  it  would 
reach  the  sun,  and  the  farther  acceleration  of  less  than 
one  foot  would  have  enabled  it  to  continue  its  Higjit 
into  the  regions  of  boundless  space. 
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Itie  sftme  results  are  obtained  more  easily.  Thus, 
T  denoting  in  feet  the  radius  of  the  earth,  the  ex- 
|>ression  for  a  body  falling  from  the  height  x  is 


64r*.-' — ^  =2  t;'dv=^.t;*,  which  may  be  written  thus, 

•1/ 

hence,  by  the  summation  of  the  difierences  of  the  suc- 
cessive fractions,  supposing  a  to  be  the  initial  height, 

64r*  (— "^-^)  =  v«.     When  x  becomes  equal  to  r, 

and  the  body  reaches  the  surface,  8r  v  \- — -  )  =  v, 

or  8  V  ( ).    If  a  be  assumed  indefinitely  great, 

the  final  velocity  is  simply  8^r. 

If  a  body  describe  a  curvilineal  path,  it  must  be 
continually  deflected  from  its  impulsive  motion,  by 
the  influence  of  some  regular  force.  When  this 
force  is  directed  to  a  fixed  point,  it  is  called  Centric 
petals  and  the  antagonist  effort  of  the  body  to  fly  off* 
in  a  tangent,  is  termed  CerUriJugal.  To  begin  with 
the  simplest  case,  let  the  body  A  (fig.  50.)  revolve 
in  the  circumference  of  a  circle,  whose  centre  is  C. 
If  it  were  abandoned  to  its  mere  impulsion,  it  would 
shoot  forwards  in  the  tangential  line  AB ;  but,  in 
tbe  time  of  describing  the  small  portion  of  the 
curve  Aft,  it  is  constrained  to  sink  towards  the  cen- 
tre from  B  to  h.    Extend  Bc/cE  across  the  circle. 
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and  (Geometry,  III.  26.)  AB*=  £B.B$ ;  where-     ^r 
fore,  since  £B  may  be  considered  as  equal  to  the 

diameter,  the  measure   of  deflection   JB6  zz  oTT'* 

Let  the  radius  AC  in  feet  be  denoted  by  r,  the  time 
of  revolution  in  seconds  by  t^  the  velocity  by  Vy  the 
power  of  gravity  by  g^  the  centrifugal  force  by^ 
and  the  ratio  of  the  drcumference  to  the  diameter 

of  a  circle  by  t.     Then  AB  zr  — r-,  and  the  mea- 

AB*     %t*r 
sure  of  deflection  B6  =  -77-=  "ir"  •     But  this  is 

the  momentary  descent  which  would  be  caused  by 
the  force  which  confines  the  motion  to  a  circle ; 

wherefore,  -^=  isfj  or  -^=sf,  and/=  -— . 

Hence  the  centrifiiffal  farce  is  directiy  iie  the  radius 
of  the  drciBy  and  invereefy  ae  the  equare  of  the  time 
of  revolution.   Assuming,  for  the  sake  of  round  num- 

40r     Sr 
hers,  T*  =  10  J  *^^/=s2m"ZS'  *  ^^^^  simple  ex- 
pression.    Suppose  the  centrifugal  force  were  equal 
to  the  action  of  gravity,  and  5r  =  4^  =  (2f)*i  or 
t  =  y  v/5r. 

These  formulae  may  be  chan^ied  into .  terms  of 
the  velocity,  for  vt  =  2Tr,  and  consequently  t^^  =5 

2sr*r    v^t*     v^ 
4T*r*,  and  ~7r~^5;5i=5"*  But  this  quantity,  which 

marks  the  deflection,  is  equal  toXGfy  and  t^irefore 
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/■=  ^--.     When  the  centrifugal  force  is  equal  to 

the  power  of  gravity,  v*  =  S2r,  or  t>  =  ^\/^  >  that 
is,  ^  velocity  is  the  same  as  what  the  body  wovld 
acquire  infalUnff  through  half  the  raduM. 

Hence  the  centrifugal  effiirt  on  the  tenaion  of 
a  pendulum  at  the  lowest  point,  after  desceoding 
throu^  a  quadrant,  would  be  joit  double  its  weight ; 
for,  in  this  case,  v  =  8^r,  ai}d  consequently /"  = 

— -  =  2.  Let  d  denote  generally  the  vertical  de- 
scent, and  V  =  8y/c? ;    whence  /  =  -— = — .     In 

^mall  arcs,  the  vertical  tension  may  ba.  found,  by  di- 
viding the  square  of  the  number  gf  degrees  described 
in  each  oscillation,  by  13153. 

Hence,,  also,  a  sling  two  feel  loiig^  eiroting  verti- 
cally, with  a  cderity  nf  8  fiset  each  seeond,  would 
just  sustain  its  load  \  if  it  were  accelerated  so  as  to 
perform  a  revolution  in  one  second,  the  tension  of 
tbe  string  would  exceed  that  weight  2^  times.  A 
tumbler  full  of  water  is  therefore  easily  whirled 
about  the  head,  without  q>illing  a  single  drop. 

From  the  same  formulae,  it  is  likewise  computed, 
that,  at  the  equator,  the  diminution  of  gravity  oc- 
casioned by  the  centriftigal  force  arising  from  the 
rotation  of  the  earth,  amounts  to  about  the  289th 
part.  But  since  this  number  is  the  square  of  1?  ;  it 
follows,  that,  if  our  globe  turned  tnore  than  seven*- 
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teen  times  fa^r  about  her  axis,  or  performed  the 
diurnal  revolution  within  the  space  of  84  minutes, 
the  centrifugal  force  would  have  predomiiiated  over 
the  power  of  gravitation,  and  all  the  fluid  and  loose 
matters  would,  near  the  equinoxial  boundary,  harve 
been  projected  from  the  surface.  On  such  a  suppo- 
sition, the  waters  of  the  ocean  must  have  been  drain- 
ed  off,  md  an  impassable  «,i.e  of  rteriUty  interpose  A 
between  the  opposite  hemispb^es.  By  a  similar  cal- 
culation, combined  with  the  decreasing  force  of  gravi- 
ty at  great  distimces^  from  the  centre,  .it  may  be  in- 
ferred, that  the  altitude  of  our  atmosphere  could 
never  exceed  06,000  miles.  Beyond  this  limit,  the 
equatorial  portions  of  air  wonld  haive  been  shot  into 
boundless  space. 

The  action  of  c^itrifugal  force  is  famifiarto  nsin 
the  trundting  of  awetmop^  It  l&ewise  supports 
the  vertiginous  motion,  and  prevents  the  fall,  of  a 
spinning-top.  In  the  practice  of  the  arts,  centrifugal 
force  is  often  advanta^usly  employed.  By  h  rapid 
whirl,  the  gl^^ules  of  air^  'whieh  ^e  ftpt  to  foin^  in 
fyOing  a  spirit-of-wine  thermomet)^,  are  ^iisily  itettu^hi 
ed ;  and,  in  like  manaer,(^ferentli4^d^'interiAi!iE^ 
but  not  ch^anietdty  Combined,  are  steparMed  ittto  dis- 
tinct masses.  Hence  the  flduif,  wfast  as  Itlil  grdim^, 
is  thrown  out  from  the  rim  of  the  revdl^rtng  miO^ 
stone.  Sev^al  manipulations  of  the  potter  and  the 
glaas-blower  depend  on  the  same  principle.  Hence 
the  elay,  under  a  genlie  pressure,  cpwells  out  regular- 
ly during  the  rotttion  of  <  the  ^lieeL     Hence  also  the* 
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lengthening  of  a  rod  of  glass  by  whirling,  and  the 
spreading  of  a  sheet  by  the  process  called  flashing. 
But  this  extension  is  produced  uniformly.  For  let 
OH  (fig.  51.)  represent  a  rod,  or  some  radiated  por- 
tion of  the  soft  material,  which  is  whirled  about  O 
as  a  centre,  and  conceive  it  to  be  distingpished  into 
equal  spaces  OA,  AB,  BC,  CD,  &c.  The  centri- 
fugal forces  exerted  at  A,  B,  C,  D.  &c.  are  as  the 
radii  OA,  OB>  OC,  OD,  &c.,  the  distances  of  those 
points  from  O.  Wherefore  the  force  at  B  exceeds 
that  at  A  by  a  force  AB ;  the  force  at  C  exceeds 
that  at  B  by  a  force  BC  ;  and  so,  through  the  whole 
of  the  chain,  the  successive  differences  being  all  equaL 
The  part  A  is  therefore  drawn  from  O, .  the  part  B 
from  A,  the  part  C  from  B,  and  so  forth,  all  by  the 
same  excess  of  force.  Consequently  the  whole  co- 
lumn is  stretched  uniformly,  and  extended  to  the 
same  thickness. 

If  a  ball  suspended  obliquely  from  a  point  by  a 
thread  or  thin  rod,  describe  a  circle  in  the  horizon- 
tal plane ;  it  will  form  what  is  called  a  Conical  Pen- 
duhiim.  Let  AC  (fig.  52.)  circulate  about  the  axis 
AB,  it  is  evident  that  a  strain  CH  in  the  direction 
of  the  pendulum  must  be  compounded,  of  CG  the 
vertical  power  of  gravity,  and  of  CF  the  horizontal 
centrifugal  force.  Wherefore,  the  action  of  gravity 
will  be  to  this  centrifugal  force,  as  CG  to  CF,  that 
is,  from  similar  triangles,  as  AB  to  BC.     But  when 

the.  time  of  revolytiofi  remains  constant,  the  centric 
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fugal  force  is  propcartaanal  to  the  radhis  fiC»  and 
hence  the  peitpenJdicul ar  AB^  i^presenting  the  power 
of  gni¥ity»  muBt  oonthiue  likewise  imyaried }  conse- 
quently, (fig«  53.)  if  a  number  of  balls  B,  C,  D,  at- 
tached fay  wires  AB»  AC  and  AD>  of  unequal 
lengths^  be  carried  round  in  the  aaine  time,  they  will 
always  range  themselyes  in  a  horizontal  plane. 

Let  AC  (fig.  52.)  be  expressed  by  ^  AB  by  A, 
BC  hy  r,  and  GH  by^  thci  power  of  gravity  CG 

being  represented  by  unit.  Then/  =  »"*;*}  '^^*> 
sinee  AB  :  BC  :  :  CG  :  GH,  or  A  :  r  :  :  1  :/, 
therefore,  /  =  -r»  and  by  substitution  -s-*— =  7- .  or 

—  •  A  =  ^*.     Now,  —  is   constant,  and  hence   the 

axis  of  the  conical  pendulum  is  proportional  to  the 

square  of  the  time  of  revolution.     In  round  num*- 

5  19 

bers,  • .  A  =  ^,  and  t  =  tt^A.     But  if  the  correct 

result  be  preferred,l,2S37.A=5^»,or«=  1,11072^/ A, 

and  h  ^  .81037  .t*.     It  may  be  sufficiently  near, 

•  10  48 

however,  to  assuine  ^  =-7r  \/  A,  and  h  =  -^  .  <*. 

y  53 

Hence  the  altitude  of  a  pendulum,  which  circulates 
in  a  second,  is  9*7^684  inches ;  the  altitude,  corre- 
sponding  to  half  seconds,  is  2.4S17i  inches,  and  that 
answering  to  a  circumvolution  in  the  third  of  a  se- 
cond, I.O8O76  inches. 

H 
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The  conical  pendulum  is  applied  to  regulate  tli^ 
movements  of  a  delicate  piece  of  mechanism,  which 
exhibits  the  continuous  flow  of  time,  and  measures 
intervals  less  than  the  tenth  part  of  a  second.  It  is 
likewise  adapted,  with  complete  eiBTect,  bs  a  Governor 
in  the  steam-engine  and  other  rotative  machines. 
For  when  the  circulation  exceeds  a  certain  rapidity, 
the  balls  B  and  C  (fig.  54<,)  flying  out,  shorten  their 
perpendicular  distance  below  the  centre  A,  and  con- 
sequently pull  down  the  opposite  point  F  of  the 
parallelogram  DA£F,  and  thus  open  the  principal 
valve,  or  otherwise  regulate  the  general  movement. 

If  a  body  be  thrown  directly  upwards  into  the  air, 
it  will,  abstracting  the  resistance  of  that  medium, 
ascend  with  an  uniformly  retarding  velocity,  till  its 
motion  is  overcome  by  the  action  of  gravity,  when 
it  will  again  descend,  and  acquire  in  the  fall  a  cele* 
rity  equal  and  opposite  to  its  previous  impulsion. 
The  height  to  which  it  will  rise  must  therefore  be 
equal  to  the  square  of  the  eighth  part  of  the  velocity 
of  projection  ;  and  the  whole  time  spent  during  this 
ascent,  and  the  subsequent  descent,,  is  the  sixteenth 
part  of  that  velocity.  But  if  the  body  be  thrown 
obliquely,  it  will  be  incessantly  bent  from  its  recti- 
lineal flight,  and  brought  sooner  to  the  ground. 
The  deflected  space  being,  from  the  action  of  gravi- 
ty,  as  the  square  of  the  time  elapsed,  mdst  conse- 
quently be  proportional  to  the  square  of  the-  tan* 
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jljehts  of  description.  Wherefore  (Geometry  of 
Cunre  Lines,  p.  9S5.}  the  trajectwy^  or  the  curve 
traced  hf>  the  projectile,  is  a  Parabola. 

Let  V  denote  the  velocity  with  which  the  projec<« 
tile  is  discharged,  and  t  the  entire  duration  of  its 
flight.  Since  it  Would  be  carried  by  its  oblique  im- 
pulsion, through  the  straight  line  AB,  (fig.  58.) 
in  the  time  which  it  would  require  to  drop  from 
B  to  C,  therefore  AB  =  vt,  and  BC  =  16/*.  But, 
fivm  the  property  of  the  Parabola,  the  square  of 
the  tangent  AB  is  equal  to  the  rectangle  under 
BC,  and  the  parameter  of  the  diameter  at  A< 
Wherefore,  v*  ^  =  16  <*  x  parameter,  and  the  pa- 

rameter  itself  =  rg.     Hence  the  fourth  pari  of  this, 

(H-  the  focal  distance  AF,  is  equal  to  AG  the  verti- 
cal descent ;  and,  consequently,  the  projectiles  dis* 
charged  from  A,  at  whatever  elevation,  bdt  with  the 
same  velodty,  must  trace  parabolic  paths,  which  have 
all  the  same  directrix  GHI,  and  whose  foci  F  or  P 
occupy  the  circumference  of  a  circle  described  with 
the  radius  AG* 

Now,  from  the  property  of  the  parabola,  the  tan- 
gent AD  bisects  the  angle  FAG^  and  consequently 
AF£,  or  its  alternate  angle  GAF,  is  double  of 
GAD ;  wherefore  the  supplemental  angle  AFD  is 
double  of  the  complemental  angle  £  AD,  or  the  ele- 
vation. Hence,  in  the  right-angled  triangle  A£F^ 
radius  is  to  the  sine  of  AFE,  which  is  the  same  as 

H  9 
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the  akie  of  AFD,  or  of  twice  £  AD,  as  AG  or  AF 
is  to  A£,  the  Mf  of  AC  the  hwiztmtal  range.  Re^ 
suming  the  fonaer  notation,  aad  e  expressing  the 
elevation  CAB^  thie  radius  being  unit ;  then 

— j  =  AE,  and  ^n  2e.  ^=  AC.     Again, 

Hn  CAB-AB  =  BC,  or  nne.9t  =  1&%  and  there* 

^  Hn  e.v 

fore  1 3=  —7^-. 
lo 

He^ce  the  greatest  horizontal  range  is  attained 
by  an  elevation  of  half  a  right  angle^  for  the  sine  of 
double  of  this  elevation  is  equal  to  the  radius  itself. 
In  this  case,  the  focus  of  the  parabola  occurs  at  F. 
It  likewise  follows,  that  two  elevations,  such  as  CAB 
and  CAB",  equally  distant  on  either  side  of  thia 
middle  angle,  will  have  the  same  horizontal  range^ 
because  their  doubles  would  evidently  be  supplement 
tal  angles  having  equal  sines.'  Here  the  point  R 
bisects  the  base  AC  of  both  those  pambolas. 

Suppose  a  bomb  were  thrown  with  a  velocity  of 
only  240  feet  each  second,  the  height  to  which  it 
would  rise,  if  thrown  perpendicularly  upwards,  would 
be  (30)*  or  900  feet ;  if  projected  at  an  angle  of  45'', 
the  horizontal  range  would  be  the  double  of  900  or 
1800  feet,  and  tlie  time  of  flight  10.6  seconds.  But 
if  the  shell  had  been  thrown  at  an  elevation  either  of 
75^  or  15^,  it  would  have  reached  only  the  horizon- 
tal distance  of  900  feet,  the  time  of  describing  the 
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hightt  fflth  beiiig  14^  seeonA,  wli3e  the  lower  path 
19  described  'm  8.9  seconds. 

The  ek^atiofii  and  hwizontal  range  of  a  projeetrle 
being  kowrUr  let  it  be  required  to  find  where  the 
ball  will  stirihe  m  giriut  oblique  plane.  Soppese  A& 
(fig^  59«)  to  fepreseot  the  line  of  hnpnlskm^  AC  the 
horiaontal  nuige,  and  AD  the  oUiqne  plane,  ^rect 
the  perpendicular  CD  ineetng  AD  in  D,  dntw  D£ 
penllei  to  AB,  and  £6  paralld  to  CD;  mdr  the 
pand>ola  will  cut  AD  in  the  point  G.  By  the  ap- 
plication of  such  successife  paraUek»  the  eunre  might 
also  be  traced.     (See  Geometry  of  Curre  Lines,,  ppi. 

«S7  and  447)* 

In  the  practice  of  Gmnneryv  howerer,  unless  in 
the  cue  of  very  small  velocities,  the  Parabolic  Theo^ 
ry  is^  of  little  airatit  the  resistance  of  the  air  beii^ 
so  prodigious  as  completely  to  derange  ril  the  effiscts. 
Tbois,  a  M  pound  shot,,  discharged  at  the  elevatioa 
of  45»,  and  with  a  velocity  of  2000  feet  each  second, 
would,  m  vaeuOf  reach  the  horiarontai  distance  of 
1^,000  feet,  but  has  its  range  through  the  atmo- 
sphere confilied  to  7300  feet.  Accurate  experiments 
on  the  resistance  of  the  air  vnH  introduce  the.  pro- 
per conrectiofns,  and  lead  tathe  determination  of  the 
BaOUtic  Cwve. 

Suj^iose  a  prqjeetife  to  be  how  deflected  from  it& 
tai^ntial  course,  not  in  the  same  constaacit  direction, 
but  in  lines  tending  to  a  given  point  or  centre  of  ac- 
tion. Let  the  body  A,  (fig.  57  *0  which,  abawkned 
to  itseif,  would  travel  uniformly  along  the  path  ABC, 
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after  the  lapse  of  tUe  first  instant  it  has  arrived  at  B» 
instead  of  advancing  through  an  equal  space  to  C,  ia 
drawn  aside  to  D,  by  a  force  dircM^ted  towards  O. 
But  the  segments  AB  and,BQ  assumed  as  extremely 
small,  in  comparison  of  the  distance  of  the  centre, 
the  line  CD  may  be  considered  as  parallel  to.  BOt 
and  hence  the  elemental  triangle  OBJD  is  equal  to 
OBC,  which  again  is  equal  to  AOB.  Tbe  aeries  of 
triangles  formed  about  the  centre  O,  .during  succesn 
'  sive  instants,  are  hence  all  equal,  and  c^nsequen^y 
the  sector  comprising  them  is  proportional  to  the 
whole  time  elapsed.  But  those  instants  being  taken 
indefinitely  small,  the  polygon  ABD,  &c.  will  merge 
into  a  continuous  curve.  In  all  motions,  therefore, 
oontrouled  by  the  action  of  a  central  force,  tike  tpace 
traced  over  by  a  radiant  is  proportional  to  the  time 
cf  deecriptkn.  Such  is  the  primary  law  of  our  Solar 
System,  first  detected  by  Kepler,  and  demonstrated 
by  Newton, 

Conceive  a  body  to  revolve  in  the  periphery  of  an 
ellipse,  urged  by  a  force  directed  to  the  centre  of  the 
curve.  In  moving  through  the  elemental  arc  £e 
(fig.  69  *0>  ^^  ^^^  ^  ^^  triangle  OE0,  measuring 
a  constant  portion  of  the  time,  the  deflection  es  will 
mark  the  corresponding  centripetal  force.  This  arc 
£e,  or  the  velocity  at  £,  is  therefore  inversely  as 
the  perpendicular  OI  upon  the  tangent ;  or,  from 
the  property  of  the  ellipse,  it  is  directly  as  the  semi-, 
conjugate  diameter  OL.  But  the  square  of  £e  in 
the  eirde  is  equal  to  the  rectangle  under  e%  and 
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tlie  chord  of  the  equicmrve  circle  or  twioe  £K. 
Wherefore  the  square  of  OL,  or  the  rectangle  un- 
der 0£  and  £K,  is  proportional  to  the  rectangle  un- 
der e6  and  the  same  EK,  a^d  consequently  e%j  0^ 
mecLwre  ofths  eenlHpeUd  force  at  E^  is  directfy  as 
the  disiemce  OS.  It  jikewise  follows^  that^  in  the 
revdution  about  the  centre  of  an  ellipse,  the  velocity 
at  any  point  £  is  always  proportional  to  OL,  the  se- 
miconjiigate  diameter. 

Next,  suppose  a  4>ody  to  desoribe  an  ellipse;  under 
the  action  of  a  force  emanating  from  one  of  its  foci. 
This  force  being  measured  by  es  in  the  direction  of 
£F,  is  therefore  inversely  as  £H  half  the  chord  of 
the  equicurve  circle,  and  directly  as  the  square  of 
the  velocity  £&.  But  Ee  being  inversely  as  the  al- 
titude FG  of  the  elemental  triangle  £F6,  it  follows 
that  the  constraining  force  must  be  inversely  as  £H 
and  the  square  of  F6.  Now,  from  the  property  of 
the  ellipse,  the  square  of  OL  is  equal  to  the  rectangle 
nader  £H  and  the  semitransverse  axis  OA,  and 
therefore  E$  is  inversely  as  the  combined  squares  of 
OL  and  FG  ;  but  OD  :  OL  :  :  PG  :  FE,  and 
OI*FG  =  OD.F£ ;  whence,  in  this  case,  the  cen- 
tripetal  force  is  inversely  as  the  squares  of  OD  and 
F£,  or  OD  being  constant,  it  is  as  the  square  of  FE 
simply.  Such  is  the  law  of  Universal  Gravitation, 
that  a  body  is  attraded  to  another  by  a  force  red- 
procaUy  as  the  square  of  their  distance-^-^a  fun- 
damental principle,  which  Newton  deduced  from  the 
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second  great  discovery  of  Kepl»»  respecting  the 
figure  of  the  planetary  oibits. 

When  the  revolution  is  peirformed  about  the  centre 
of  the  ellipse^  (fig.  69  *•)  the  element  EO  of  the 
time  bang  equal  to  half  the  rectangle  under  £e  and 
the  perpendicular  OI,  the  celerity  Ee  is  consequ^t- 
ly  inversely  as  OI.  But,  from  the  property  of  the 
curve,  the  rectangle  under  OI  and  the  semiconju- 
gate  diameter  OL  is  equal  to  the  constant  rectangle 
under  the  semiaxes  O  A  and  0£,  and  therefore  OL 
is  the  reciprocal  of  OI ;  whence  the  celerity  of  £ 
must  be  directly  as  OL ;  and  tibus  the  celerity  at  A 
or  B  is  as  OC,  and  C  or  D  as  OA. 

From  the  relation  of  the  ellipse  to  the  circle,  the 
area  IfiX  (fig.  53  *.)  is  to  IBS  as  YX  to  YS  or  as 
IP  to  IQ,  or  as  the  area  of  the  ellipse  to  that  of  the 
circumscribing  circle.  But  in  the  same  ratio  are 
the  initial  velocities  at  the  vertex  B,  and  consequait- 
ly  the  time  which  a  body,  drawn  by  a  force  direct- 
ly as  its  distance  from  th^  centre  I,  takes  to  de- 
scend in  the  ellipse,  or  the  circle  to  an  ordinate 
YXS  is  measured  by  the  arc  AS,  or  generally  by 
the  angle  BIS.  Hence  tlie  time  of  revolutien  is 
the  same  in  all  the  ellipses  constructed  on  the  dia- 
meter BW.  Nay,  this  period  will  yet  continue 
the  same  while  the  length  of  the  diameter  is  aug- 
mented, since  the  initial  velocity  in  a  circle  must 
be  proportionaUy  increased. 

These  properties  T^ill  hold,  even  though  the  cmres 
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should  <M>Uap8e  into  stimigkt  lines*  Hence  the  de- 
scents from  A  to  O  are  isochronousy  as  in  the  ease 
of  cycloidal  pendulums  ;  and  hence,  likewise,  the 
time  of  performing  a  complete  oscillation,  and  of  re- 
turning to  the  same  point,  is  measured  hj  the  dr- 
comfefence  of  a  circle  desciihed  with  the  radius  O  A. 
Again,  fitnn  the  property  of  the  ellipse,  OA*  -fOC* 
(£^^  69  *.)^0E^+01i^  i  and  supposing  the  curve 
to  be  compressed  into  its  diameter  AB,  then  would 
OA«  K  OM*  +  OLS  and  therefore  OL*,  which 
represents  the  square  of  the  vdodty  at  M,  becomes 
YS^  (in  fig.  53  *•)  the  time  of  falling  to  M  being 
likewise  indicated,  as  before,  by  the  arc  BS. 

Let  the  attractive  force  be  now  directed  to  the 
foeus  F  (%  09  *0  of  the  ellipse ;  the  element  EFe 
of  the  time  is  e^ual  to  half  the  rectan^  under  £s 
and  the  perpendicular  FG  drawn  to  the  tangent,  and 
consequently  E^  is  in  the  inveriie  ratio  of  FGr.  But, 
having  let  fidl  the  perpendicular /R  from  the  other 
focus,  the  rectangle  FG,  /R  is  equal  to  the  square  of 
OC,  and  is  therefore  constant ;  whence  the  celerity  at 
E  is  directly  as  this  perpendicular /"R.  The  celeri- 
ties at  the  vertex  A,  at  C  or  D,  and  at  the  opposite 
extremity  B,  are  thus  respectively  proportional  to 
Af,  OC,  and/B  or  AR 

Since  the  elliptical  sector  IBX  (fig.  53  *.)  is  ,to  the 
circular  one  IBS,  as  YX  to  YS,  or  as  IP  to  IQ,  and 
the  triangle  OIX  is  to  OIS  in  the  same  ratio,  it  fol- 
lows, that  the  areas  OBX  and  OBS,  which,  in  the 
eUipse  or  the  circle,  measured  the  time  elapsed,  are 
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likewise  proportional  to  IP  aud  IQ»  or  the  velocities 
at  the  vertex,  and  consequently  tho^  spaces  must 
indicate  equal  intervals.  The  body  descends  in  the 
jsame  time,  therefore,  to  any  perpendicular  YS,  whe- 
ther by  an  elliptical  or  a  circular  arc.  Hence,  the 
peripds  of  revolution  are  equal  in  all  those  ellipses,  in- 
ve])i4hig  the  circle  itself,  which  have  the  same  traAB- 
yerse  axis  or  diameter* 

In  general,  let  r  denote  the  radius  of  any  circle, 
V  the  velocity,  and  t  the  time  of  circniQvolutioti. 

The  centripetal  force  being  now  expressed  by  — ,  it 

is  evident,  that  tL^^  — -^  =  ->  and  v  =  V-,  or  the 
velocity  is  in  the  inverse  subdvpUcate  ratio  qf  the 
diameter  of  the  ar&it.     Hence  t  =  — ^j-  and^  =  r*, 

or  the  square  of  the  period  of  revolution  is  {is  the 
cube  of  the  principal  axis — ^the  third  great  law  of 
the  planetary  motions,  brought  to  light  by  the  inge- 
nuity aud  indefatigable  research  of  Kepler. 

Whether  the  controuling  force  be  directly  pro- 
portional to  the  distance  of  the  centre,  or  inversely 
as  the  square  of  that  distance,  the  body  might  have 
acquired  its  velocity  of  projection  by  falling  with  an 
uniform  acceleration  through  a  determinate  space. 
In  the  case  of  circular  revolutions,  /  denoting  the 
vertical  lapse,  corresponding  to  the  initial  sweep  of 
the  trajectory,  4/.BZ  (fig,  53  *.)  will  express  the 
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square  of  the  velacity  gained  in  descending  to  Z  on- 
der  a  eonstant  force ;  which,  from  the  property  of 
the  circle,  is  likcfvriise  equal  to  /.BW,  and,  conse- 
quently, the  measure  BZ  is  always  half  the  radius. 
This  point  Z  cmncides,  therefore,  with /the  farther 
focus.  If  the  curve  described  pass  into  an  ellipse,  the 
ind^x  of  the  primary  velocity  must  still  be  half  the 
radius  of  osculation  at  its  vertex.  To  generate  a  cir- 
cular description,  it  is  hence  requisite  that  the  body 
should  have  the  precise  celerity  due  to  a  fall  through 
half  that  radius.  But,  projected  with  inferior  celerity, 
it  would,  about  the  same  axis,  trace  elliptical  orbits 
more  or  less  compressed ;  the  foci  mutually  retiring 
towards  the  extremities,  while  the  conjugate  diame- 
ter contracts.  When  the  primary  impulsion  becomes 
sxtmct^  the  elongated  ellipse  merges  in  a  straight 
line.  On  the  other  hand,  if  the  projectile  moti<m 
should  exceed  the  limit  of  circular  velocity,  a  new 
series  of  curves  will  arise.  But  when  the  accelera- 
tion is  directly  as  the  distance,  on  passing  the  limit 
of  celerity,  the  foci  will  first  unite  in  the  centre,  and 
the  axis  suddenly  turning  at  right  angles,  the  foci  will 
now  gradually  dispart  in  this  mnsverse  position. 
As  the  velocity  of  impulsion  is  successively  augment- 
edf  the  ellipse  will  assume  all  the  degrees  of  oblate- 
ness,  till  it  finally  vanishes  in  two  parallel  lines. 

If  the  centripetal  force  be  inversely  as  the  square 
of  the  distance,  the  moment  the  primary  impulsion 
Iransc^nds  the  limit  due  to  a  circular  trajectory,  the 
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orbit  would  suddenly  change  ii^o  an  equilateral  by- 
perbola }  the  farther  focus,  which  had  come  to  coalesce 
with  the  attractive  one,  now  flying  to  the  opposite 
side  beyond  the  diameter.  When  the  celerity  of 
prcgectioni  receives  a  farther  increase,  the  incurvation 
at  the  vertex  will  be  proportionally  diminished* 
With  an  extreme  impulsion,  the  body  would  shoot  off 
in  a  straight  line  perpendicular  to  the  axis* 

It  thus  appears,  that  a  circular  revolution,  which 
the  ancients  so  fondly  c<mtemplated  as  the  perfee* 
tion  of  the  celestial  movements,  is  incompatible  with 
the  stability  of  the  universe.  The  most  absolute 
precision  of  impulse  would  have  been  necessary,  and 
the  very  slightest  subsequent  addition  of  celerity, 
from  the  incidental  influence  of  those  disturbing 
forces  which  are  incessantly  in  operation,  would  at 
once  have  transformed  the  circle  into  an  hyperbola^ 
and  have  carried  the  planet  away  for  ever  into  the 
boundless  expanse  of  heaven.  In  viewing  the  grand 
phenomena  of  nature,  our  admiration  is  drawn  to 
those  conservatory  principles,  which,  in  shorter  or 
longer  periods,  correct  every  occasioiial  deviation 
from  the  general  balance  of  the  system. 

It  is  curious^  however,  to  remark  how  very  nearly 
the  planetary  orbits  {^proximate  to  circles.  In  thi^ 
of  our  earth,  the  two  axes  differ  only  by  the  70d6th 
part.  In  the  trajectory  of  Mars,  this  difference 
amounts  to  the  231  st  part.  It  was  accordingly  the 
greater  eccentricity  of  that  orbit  which  led  Kepler  to 
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detect  its  elliptical  fbnn.  The  group  of  nnaU  kin- 
dred planets  lately  diflcovered  revolve  in  curves  still 
m<»re  ekmgatedt  the  diametars  of  those  of  Juno  and 
Pallas  being  nearly  in  the  ratio  of  SO  to  29-  Hiese 
ttngalar  bodies  might  seem  to  rank  between  the  or* 
dinary  planets  and  the  ecMnets,  which  wander  in 
ellipses  of  extreme  elongation,  scarcely  distinguish- 
able from  parabolas,  during  a  great  part  of  their 
visible  track.  In  another  circumstance,  too,  the 
analogy  obtains}  for  while  the  laiger  planets  de- 
viate not  more  than  S  or  3  degrees  from  the  plane 
of  the  ediptic,  Pallas  crosses  it  at  an  angle  of  35^, 
and  the  paths  of  the  comets  have  every  possible  in- 
clination. It  remains  to  be  discovered,  whether 
diversified  bodies,  travelling  in  the  celestial  spaces, 
may  not  fill  up  more  completely  that  prolonged  gra- 
dation of  existence,  which  appears  so  conspicuous  in 
other  parts  of  nature.  Supponng  the  projection  of 
the  planets  to  be  the  result  of  some  more  general  law, 
those  which  had  an  excess  of  impulsion  would  totally 
escape  our  range  of  Observation,  being  swept  away  in 
hyperbolas  into  boundless  space,  there  perhaps  to 
frurm  other  stellar  systems. 

Abating  the  resistance  of  the  air,  a  projec- 
tile dischaiged  horizontally,  with  the  velocity  of 
95853^  feet  in  a  second,  would  circulate  around  our- 
earth.  For  half  the  radius  being  197^  miles, 
8^/(1978.5280)  =  25853.6,  and  hence  thetimeofre- 
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volution,  on  this  hypothe8is,  would  have  been  5109*^ 
seconds,  or  85^  minutes.  The  deflective  force  be*' 
mg  inversely  as  the  square  of  the  distance  from  th^ 
centre  of  gravitation,  the  smalldsib  increase  of  celerity 
beyond  the  limit  assigned  would  have  led  the  body 
away  in  a  boundless  hyperbolic  orbits  But,  with  a 
smaller  velocity  than  85833^,  the  trajectory  would 
contract  into  an  ellipse,  of  which  the  projectile,  whe- 
ther discharged  in  a  horizontal  or  an  oblique  direction, 
must  describe  a  portion,  till  it  strikes  the  earth's  8ur-< 
face.  The  theory  of  Ballistics  is  thus  comprised  in  the 
general  system  of  centripetal  forces.  When  the  cele- 
rity of  impulsion  is  moderate,  as  in  the  case  of  all  ar- 
tificial projectiles,  the  portion  of  their  elliptical  orbit, 
traced  within  our  atmosphere,  will  not  sensibly  de-' 
/  viate  from. a  parabola.  Thus,  reckoning  the  utmost 
rigidity  of  a  ball,  shot  from  the  mouth  of  a  cannon, 
to  be  2000  feet  each  second,  the  focus  would  be  on-* 

ly  I  — g—  1  =  62500  feet,  or  about  lly  miles  below 

the  vertex  of  the  curve.  The  semiconjugate  diamej' 
ter  of  the  ellipse  would  have  extended  no  farther 
than  305^  miles,  had  the  intervention  of  the  body 
of  the  earth  not  opposed  the  complete  description  of 
the  curve. 

Assuming,  therefore,  the  extreme  portion  of  the 
trajectory  as  really  parabolic,  the  horizontal  velocity 
at  the  vertex  V  (fig.  58.)  must  be  to  the  velocity  of 
projection,  as  FV  to  the  perpendicular  FL;  but. 
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from  similar  triangles,  FV  :  FL  :  :  FL  :  AG,  and 
conaequently  PV  :  AG  or  AF  :  :  FV*  :  FL\ 
Now,  this  is  the  ratio  of  the  spaces  through  which  a 
body  must  fail,  to  acquire  the  velocities  at  V  and  A^ 
and  hento  the  projectile  would  have  been  carried 
directly  upwards  to  G,  the  position  of  the  directrix. 
Again,  the  time  of  descent,  under  an  uniform  acce^ 
leration,  is  the  same  as  that  of  the  passage  from  A 
to  V,  and  therefore  a  body  would  have  fallen  through 
BC,  during  the  whole  sweep  from  A  to  V,  and 
thence  to  C.  The  parabolic  theory  of  ballistics  is 
thus  derived,  by  a  slight  modification,  from  the  pro- 
perties of  an  elliptical  trajectory. 

It  will  be  more  accurate,  in  some  cases,  however, 
to  take  into  account  the  convergency  of  the  radiant 
lines  of  attraction.  Every  body,  for  instance,  is 
at  the  equator^  carried  round  by  the  rotation  of  the 
earth,  with  a  celerity  of  15d5f  feet  each  second. 
A  ball  therefore  dropped  from  a  high  tower,  instead 
of  falling  through  a  mere  vertical  line,  must  really 
describe  a  portion  of  an  ellipse,  of  which  the  focus 
lies  6.8888,  or  very  nearly  7  miles  below  its  vertex. 
Let  BG  (fig.  fiS  *.)  represent  the  tower,  and  O,  be* 
ing  the  centre  of  the  earth,  the  ball  dropped  from  B, 
having  the  celerity  of  rotation  due  to  the  radius  OB, 
will  describe  the  small  portion  BC  of  the  ellipse,  and 
strike  the  surface  at  C.  Divide  the  arc  BK  into 
equal  parts,  and  draw  from  O  the  elementary  tri- 
angles.    It  is  evident  that  the  sector  BOC  will  de- 
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note  the  time  of  descent  from  B  to  C»  itnd  OBK  the 
time  which  the  tower  takes  to  gain  the  position  KC« 
But  the  curved  space  GBC,  cowidered  as  parabolic, 
being,  two-thirds  of  GBKC,  is  equal  to  a  segment 
GyACt  |K>unded  by  a  concentric  arc  at  two-thirds  of 
the  altitude  CK.  At  the  instant  when  the  ball  a- 
lights  at  Cf  the  top  of  the  tower  has  only  travelled 
through  an  arc  equal  to  ffk,  and,  consequently,  the 
bottom  G  is  retarded  by  an  interval  equal  to  two- 
thirds  of  the  excess  of  BK  above  GC. .  Thus,  sup- 
pose at  the  equator  the  tower  to  be  576  feet  high, 
the  ball  would  fall  to  the  ground  in  6^' ;  but  the  sum- 
mit would,  during  this  lapse,  describe  an  arc  exceed- 

mg  that  passed  over  the  base  by —      ^ — =  3-024 

inches,  and  two-thirds  of  this,  or  2.016  inches,  indi- 
cates the  deviation  of  the  falling  body  to  the  east  of 
the  tower.  Experiments  of  this  kind,  which  have 
been  successfully  made  at  Pisa,  and  at  Hamburg, 
prove  indisputably  the  rotation  of  the  earth  about 
her  axis. 

Again,  suppose  a  ball  were  fired  at  A  from  a  can- 
non directly  upwards ;  though  it  reached  the  same 
absolute  height,  yet  spending  a  longer  time  in  the  at- 
mosphere, it  would  fall  considerably  behind  the  point 
of  discharge.  The  vertical  impulsion,  combined  with 
the  transverse  rotation  of  the  earth,  would  really 
give  the  projectile  an  obliq^e  direction  along  the  tw- 
getit  AD.     While  it  therefore  describes  the  portion 
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of  an  elKfuie  ABC,  the  pouit  A  travels  through  Gaud 
beyond  C  to  «  ;  the  circular  sector  AOCG  marking 
^  time  of  rotation  from  A  to  C>  and  the  ellipticSl 
sector  AOCB  the  time  of  the  flight  in  the  curve  till 
its  descent  at  C.  Whence  ^OG  is  to  |  GB,  or  30G 
to  4GB9  as  AC  to  C«,  the  space  through  which  the 
point  CA  is  carried  beyond  C  during  the  descrip- 
tion of  the  trajectory*  Thus,  suppose  as  before,  that 
the  ball  were  shot  vertically  at  the  equator,  with,  a  ve- 
locity of  2000  feet  in  a  second;  the  altitude  to  which 
it  would  mount  is  62,500  feet ;  and  the  whole  time 
of  ascent,  and  of  the  subsequent  descent,  if  the  earth 
were  at  rest,  would  have  been  125''.  Wherefore 
3  X  3962  X  5280  :  4  X  62500  :  :  AC  :  C;^  that  is, 
125"  to  .4977">  the  interval  during  which  the  pro- 
jectile is  detained  in  the  air,  afler  the  point  A  has 
come  into  the  position  C.  It  amounts  to  the  251,16th 
part  of  the  whole  time  of  the  flight. ;  and  being  multi- 
plied by  1525f ,  the  velocity  at  the  equator,  gives 
759,36  fe6t  for  the  distance  « C,  where  the  ball  must 
drop  to  the  westward  of  the  mouth  of  the  cannon, 
which  in  the  meanwhile  has  travelled  over  36^  miles. 
It  would  be  easy  to  show  that  this  retardation  of  the 
ball  is  proportional  to  the  cube  of  its  velocity. 
With  an  impulsion,  therefore,  of  1000  feet  each  se« 
eond^  the  western  deviation  in  falling  would  be  only 
95  feet. 

Though  rising  apparently  in  a  vertical  line,  these 
prej^ctiles  really  ti^e  an  oUxque  course ;  for,  in  the 

VOL.  I.  I 
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first  suppositious  AC  :  CD  :  :  152af  :  90(X)»  and 
the  resulting  velocity  in  the  direction  of  the  tangent 
AD  is  2515^  feet,  the  angle  of  elevation  DAG  be- 
ing 52**  39'  4(y'.  To  make  the  ball  strike  exactly 
at  the  same  spot,  it  would  require  the  cannon  to  be 
pointed  eastwards  at  the  very  small  declination  of 
3'  27''. 

The  ascent  and  descent  of  bodies  subject  to  the 
law  of  gravitation,  may  be  viewed  as  only  an  extreme 
case  of  the  motions  performed  in  an  elliptical  trajec- 
tory, the  curve  being  compressed  into  its  axis,  of 
which  the  foci  come  to  occupy  the  opposite  ends* 
The  time  of  falling  from  A  to  B,  or  of  describing 
the  circular  arc  AC,  will  now  be  measured  by  the 
area  OAC,  composed  of  the  sector  AIC,  and  of  the 
triangle  ICO,  both  having  the  altitude  of  the  radius 
IC,  but  the  arc  AC  and  its  sine  BC  for  their  bases. 
The  time  of  descent  through  AB  is  hence  propor- 
tional to  the  sum  of  AC  and  BC,  or  to  the  ordinate 
BD  in  the  cycloid,  as  was  already  shown.  Again,  the 
velocity  acquired  at  B  must  be  as  a  perpendicular 
from  A,  the  farther  focus,  to  the  ultimate  position  of 
the  tangent  CT.  Now,  from  the  property  of  the  tan- 
gent  to  the  circle  or  ellipse,  IB :  lA:  :IA  :  IT,  and  by 
division,  IB  :  lA :  :  lA-IB,  or  AB :  IT-I A  or  AT, 
and  thence  OB  :  lA  :  :  BT  :  AT  :  :  BC  :  AR  j 
again  OB  :  OA  :  :  BC  :  AL,  and,  therefore,  by 
equidity,  lA  :  OA  :  :  BC  :  AL,  and  lA  being  the 
half  of  OA,  the  velocity  at  B  indicated  by  AR  is 
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likewise  the  half  of  AL,  or  is  always  proportional  to 
this  line,  as  was  formerly  investigated. 

It  was  found  that,  the  attractive  force  being  in- 
versely as  the  square  of  the  distance  from  the  centre 
of  motion,  the  velocity  in  a  circle  follows  the  inverse 
subduplicate  ratio  of  the  same  radiant.     The  initial 

velocity  at  A  being  denoted  by  ^j^y  the  velocity 
acquired  at  S  will  be  proportional  to  ^  ^•^ rfk 

or  /  ci^^u  cTK*     ^^  ^-^  ^®  assumed  indefinitely 

great,  and  the  point  S  taken  near  the  centre  O,  the 
ratio  of  SA  to  OA  will  be  that  of  equality,  and 
consequently  the  velocity  at  S  is  expressed  simply  by 

It  may  be  calculated,  that  near  the  surface  of  the 
sun,  a  body  would  fall  through  455^  feet  in  a  se- 
cond. Hence,  likewise,  the  celerity  acquired  in  this 
short  interval  of  time,  by  descending  from  the  remo- 
test regions  of  space,  would  be  390  J  miles.  The  same 
rapidity  would  have  enabled  a  projectile  to  escape 
for  ever  from  the  attractive  force  of  the  sun.  Hence 
had  Light  darted  with  less  than  the  500th  part  of  its  | 
actual  velocity,  it  would  have  been  recalled  in  its 
journey,  by  the  predominant  power  of  that  great 

luminary. 

i2 
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Au  atom  or  physical  point,  moving  uniforaily  in 
a  straight  line,  will  equally  advance  to  any  plane,  or 
recede  from  it. "  Let  AB  (fig.  55.)  be  the  direction 
of  the  motion,  and  conceive  a  perpendicular  AP  to 
be  let  fall  upon  a  plane  passing  through  B  ;  in  a  cer* 
tain  portion  of  time,  the  point  A  arrives  at  the  po- 
sition C,  when  its  distance  from  the  plane  will  be  re- 
duced from  AP  to  CQ,  In  the  plane  of  the  trian- 
gle ABP,  draw  CD  parallel  to  BP,  and  AD  vrill 
mark  the  corresponding  advance  of  the  point.  But 
the  right-angled  triangle  APB  is  evidently  given  in 
species ;  and  its  hypotenuse  AC  being  given,  the 
base  AD  must  likewise  be  given.  At  each  interval 
of  time,  therefore,  the  point  A  will  make  a  constant 
approach  to  the  plane  BP.  Should  this  plane  lie  on 
the  opposite  side,  the  point  A  will,  for  the  same  rea- 
son, uniformly  recede  from  it ;  or  if  occupying  a  po- 
sition parallel  to  AB,  the  point  will  neither  approach 
nor  retire  from  it.  The  recession,  indeed,  may  be 
viewed  as  merely  a  modified  case  of  advance. 

But  the  converse  of  this  proposition  likewise  holds 
— or  a  point  which  advances  equally  to  any  plane 
has  an  uniform  and  rectilineal  motion.  To  simplify 
the  demonstration*  we  may  suppose  the  point  to  glide 
along  one  plane,  and  to  make  regular  advances  to- 
wards two  other  planes  which  are  right  angles  to 
this.  Let  AP  (fig.  56.)  be  perpendicular  to  the 
plane  BP,  and  BP  another  plane  at  right  angks  to 
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the  plane  of  the  triangle  ABP,  in  which  the  perpen- 
dicular AP  is  let  falL  The  path  of  the  point  A  ly« 
ing  in  the  plane  of  ABP,  or  ABF,  the  advances  in 
the  position  C  to  the  planes  BP  and  BP'  will  be  in- 
dicated by  AD  and  AU,  as  limited  by  the  parallels 
CD  and  CD'.  Join  DD'  and  PF  ;  since  the  seg- 
ments AD  and  AD^  correspond  to  the  same  interral 
of  time,  they  are  obviously  proportimial  to  AP  and 
AP',  and  consequently  DD'  is  pai-allel  tq  PP'. 
Wherefore  the  triangle  DCD'  is  equiangular  to 
PBF,  and  DD'  :  DC  :  :  PF  :  BP,  or  alternately 
DD'  ;  PF  :  :  DC  ;  BP ;  but,  from  the  property  of 
diverging  and  parallel  lines,  AD  :  AP  : :  DD' :  PF, 
and  hence  AD  :  AP  :  :  DC  :  BP,  or  alternately 
AD  :  DC  :  :  AP  :  BP.  The  right-angled  triangle 
ADC  is  therefore  similar  to  APB,  and  the  angle 
CAD  equal  to  the  given  angle  BAP  ;  whence  the 
locus  of  C  is  a  givjen  straight  line,  or  the  point  A 
must  describe  a  rectilineal  course  ;  but  its  motion  is 
likewise  uniform,  since  AC  has  a  given  ratio  to  AD. 
Now,  suppose  any  system  of  atoms  or  physical 
points  to  move  each  of  them  in  a  straight  lind,  and 
with  an  uniform  celerity,  their  several  advances  to 
any  given  plane  will  be  equable,  and  consequently 
the  sum  of  those  divided  by  the  number  of  particles, 
or  the  measure  of  the  approach  of  the  common 
centre  of  gravity  must  likewise  be  proportional  to  the 
time.     But  the  same  property  belongs  to  every  plane, 
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and  therefore  the  centre  of  the  system  travels  uni- 
formly  in  a  rectilineal  path. 

From  this  proposition,  it  follows,  that  if  any  group 
of  atoms  impressed  with  uniform  rectilineal  motions, 
advance  as  much  collectively  on  one  part  to  a  given 
plane,  as  they  recede  from  it  on  the  other,  their 
centre  of  gravity  must  remain  at  rest,  and  the  system 
will  maintain  itfi  equilibrium.  Suppose  these  atoms, 
when  thrown  into  motion,  to  preserve  their  mutual 
arrangement,  they  must  each  of  them,  in  the  mo- 
mentary eflTort,  describe  minute  portions  of  arcs  of 
circles,  about  the  common  centre  of  gravity.  But 
such  elementary  arcs  may  be  viewed  as  coincident 
with  their  tangents,  which  evidently  measure  the  ve- 
locities impressed.  In  the .  case  of  an  equilibrium, 
therefore,  the  sum  of  these  velocities,  which  are  call- 
ed virtual,  estimated  in  one  direction,  must  be  equal 
to  their  aggregate  in  the  opposite  direction ;  or  if 
the  weight  of  each  distinct  group,  or  the  number  of 
'  atoms  which  it  contains,  %vere  multiplied  into  its  ve- 
locity of  aberration  reduced  to  a  given  direction^  the 
differed  products  collected  together  would  extin- 
guish each  other.  Such  is  the  general  principle  in 
Dynamics  relative  to  virtiuzl  velocities,  which  deter- 
mine the  condition  of  the  equilibrium  of  a  system 
from  the  minute  alterations  which  would  follow  the 
disturbing  of  it. 

The  quiescence  of  the  centre  of  gravity  is  essential 
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to  the  equilibrium  of  any  system  of  atoms.  But  this 
quiescence  may  be  viewed  as  either  absolute  rest,  or 
as  only  the  stationary  limits  of  extreme  evagation,  or 
when  the  centre  of  gravity  occupies  the  highest  or 
lowest  position.  This  maximum  likewise  forms  an- 
other condition  of  the  balance  of  a  body,  which  is 
tottering^  however,  if  the  centre  of  gravity  be  above 
the  point  of  support,  and  stable  only  when  below 
it. 

Suppose  the  motion* of  a  system  of  atoms  to  be 
gradually  stopped  by  the  influence  of  a  certain  ob- 
structing force,  the  same  force  which  restrained  tlie 
farther  advance  of  the  system,  repeating  its  operation 
again  through  the  same  space,  must  generate  an 
equal  square  of  velocity  in  the  opposite  direction  ; 
for  the  area  of  the  curve  ACDE,  (fig.  370  which 
represents  the  square  of  the  velocity  extinguished  in 
the  approach  from  A  to  D,  will  also  express  the 
square  of  the  velocity  accumulated  during  the  sub- 
sequent retreat  from  DA.  The  like  effect  must 
evidently  take  place,  however  short  tHe  space  may 
be  in  which  this  change  of  impulsion  is  produced* 
In  all  the  graduated  mutations  of  any  system  of 
atoms,  therefore,  the  sum  of  the  squares  of  their  ve- 
locities, estimated  in  any  direction,  continues  still 
the  same.  This  principle,  which  has  a  very  exten- 
sive application,  is  usually  termed  the  Conservation 
*  of  Living  Forces.    This  figurative  expression  had 
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better  been  avoided  ;  but  it  implies  merely  the  peN 
manence  of  the  amount  of  the  products  of  the  sqimret 
of  the  velocity  of  each  cluster  of  physical  points  in* 
to  their  number  or  weight. 

Impulsion  is  nev^  instantaneous.     It  is  ereat^, 
but  in  a  shorter  or  a  longer  interval  of  time,  ctAy 
from   the  accumulation   of  some  inciting  energy. 
This   accumulation,   which    carries  the   body   for* 
ward,  has  been  denominated  Mwinff  Force.     It  will 
hence,  in  each  accession,  be  the  combined  result  of 
the  duration  and  intensity  of  action.     The  moving 
force  of  a  body  is  therefore  measured,  by  multiplying^ 
its  mass  or  number  of  atoms  into  its  acquired  velo- 
city.    This  product  is  concisely  termed  the  momen^ 
turn.     In  any  system  of  matter,  the  mommium  is 
composed  of  the  advances  of  all  the  different  portiona 
of  atoms  durii^  a  certain  portion  of  time  to  a  given 
plane,  and  is  consequently  the  same  as  tbe  fnomen*' 
turn  of  the  mass,  if  the  whole  had  been  condensed 
in  the  centre  of  gravity.     Through  all  the  changes*, 
therefore^  which  ensue  in  the  motion  of  bodiea,  irosai 
congress  or  mutua]  action,  their  momenta^  estiiaated 
in  the  same  direction,  remafn  still  unaltered. 

The  communication  of  motion,  or  the  transfer  of 
impulse,  likewise  requires  a  finite  portion,  of  time> 
so  small,  however,  as  often  to  el«(k  the  mo6t  atten* 
tive  observation.     Whether  I  strike  or  push  the  etid 
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of  a  rod  in  the  direction  of  its  length,  the  remote 
extremity  will  not  advance  simultaneously.  View 
it  as  a  series  of  connected  atoms :  The  first  is  im-^ 
pelted  towards  the  second,  till  the  shock  is  extin<* 
guished  by  the  accumulating  powers  of  repulsion  ) 
but,  in  this-  constrained  position  of  proximity  to  the 
second  atom,  the  first  repels  and  causes  it  to  make 
a  similar  approach  towards  the  third,  fiy  successive 
partial  oscillations,  the  original  impulse  will  thus  be 
transferred  along  the  whole  chain  of  atoms.  This 
internal  process  may  be  rendered  more  familiar  to 
the  imagination,  by  examining  the  mode  in  which 
any  stroke  is  propagated  through  a  spiral  or  helical 
spring.  If  I  give  a  twitch,  near  the  end  of  a  very 
long  cord  stretched  tight,  the  jerk,  forming  a  slight 
sinuosity,  will  visibly  dart  along  the  whole  line*  In 
the  ordinary  cases  of  impact,  motion  becomes  gene-^ 
rated  or  transferred  in  a  portion  <^time  that  is  scarce^ 
ly  at  all  discemible.  Tlie  very  same  velocity  is  pro- 
duced, if  the  pressure  be  augmented  just  in  propor- 
tion as  the  duration  of  action  is  diminished.  But, 
even  in  the  most  extreme  case,  the  influence  of  time 
must  never  be  overlooked. 

Bodies,  vrith  regard  to  their  collision,  are  com" 
monly  divided  into  elastic  and  non-ekistic.  This 
distincti<m,  however,  is  not  well  founded  ;  for  though 
seme  of  them,  approaching  by  their  softness  to  the 
nature  of  fluids,  are  nearly  indifl^rent  to  the  change 
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of  figure,  yet  they  all  recover  fi*oin  any  compression 
of  volume  with  unabated  vigmir.  But  if  such  bodies 
be  struck  with  immense  rapidity,  they  will  even  re- 
sist a  change  of  figure.  Thus,  a  stone  thrown  ob- 
liquely and  with  great  velocity,  will  be  made  to  re- 
bound from  the  surface  of  water,  just  as  if  it  had  im- 
pinged against  a  sheet  of  ice  ;  because  the  shock  is 
then  confined  to  a  narrow  spot^  where  the  repulsive 
force,  occasioned  by  the  compression  of  the  proxi- 
mate particles  of  the  fluid,  heaves  back  the  stone, 
before  they  had  time  to  retire  and  compel  the  parti- 
cles below  them,  by  a  diffusive  motion,  to  give  room 
for  the  entrance  of  that  missile.  Under  such  circum- 
stances, therefore,  every  substance  may  display  the 
properties  of  perfect  elasticity. 

It  is  hence  more  philosophical  to  distinguish  im- 
pinging bodies  into  Cocdescent  and  Resilient.  These 
we  shall  treat  separately. 

I.  Collision  of  Coalescent  Bodies. — ^Let  the 
ball  A  (fig.  60.)  advance  with  the  velocity  AO  in 
the  same  direction  as  B,  which  moves  with  only  the 
velocity  BO ;  it  will  evidently  overtake  the  ball  B 
at  O,  and,  having  coalesced  or  united  with  this,  they 
will  both  travel  forward  in  the  same  rectilineal  path. 
Divide  AB  in  G,  so  that  AG  be  to  BG  as  the  weight 
of  B  is  to  the  weight  of  A,  and  the  point  G  will  be 
the  position  of  the  centre  of  gravity,  when  they  began 
to  move*.  This .  centre  must  consequently  have  ad» 
vanced  from  G  to  O  at  the  moment  of  their  collision  j 
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but  its  uniform  motioa  is  ojc^t  sJ&cted  by  the  mutual 
acti(N)  of  th^  balls.^  Wb^efore  tbeir  combined  mass 
will,  after  impact,  proceed  with  the  common  velocity 
GO, 

Since,  by  construction,  A  :  B  :  :  BG  :  AG,  it  is 
obvious  that  A.  AO  :  B.BO  :  :  3G.  AO  :  AG-BO ; 
whence  the  ^noi^ienfti  of  the  b^Us  A  and  B  will  be 
expressed  by  BG.AO,  and  AG.BO.  ButBG.AO= 
BG  (GO+AG),  and  AG.BO= AG  (GO— BG)  j 
the^  twQfnamenta  are  therefore  equal  to  (BG+ AG) 
GO,  the  momentum  of  the  copipouud  after  the  col- 
lision haa  taken  place  }  and  thus  an  essential  princi- 
ple is  maintained.  Next,  auj^se  the  balls  are  im- 
pelled in  opposite  directions.  Make  (%.  61.)  AO 
to  BO  as  the  velocity  of  A,  is  to  the  velocity  of  B^ 
and  they  will  evidently  meet  in  the  point  O.  Let 
G-  be  their  centre  of  gravity,  which  mu^t  lie  dther 
between  A  and  O,  as  in  fig.  6l^  or  between  B  and 
O,  as  in  fig«  62.  After  collision,  therefore,  the  two 
balls,  coalescing  in  a  single  mass,  will  proceed  in  the 
direction  and  with  the  velocity  GO. 

In  this  case,  likewise,  the  collective  momenta  of 
the  balls  will  continue  the  same  after  the  shock* 
For  since  A  :  B  ;  :  BG  :  .AG,  tl^  products  A.AO 
and  B.BO  may  be  expressed  by  BG.AO  and 
AG.BO  ;  wherefore  the  momenta,  estimated  in 
the  same  direction,  will  be  BG.AO — AG.BO  = 
BG  (AG=fc:GO)— -AG  (BG=±=GO)  =  (AG-f-BG) 
GO  =:  AB.GO,  or  the  momentum  of  the  joint  mass 
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after  collision.  Its  motion  also  will  be  progressiTe 
or  retrograde,  according  as  the  centre  of  gvaYitj  lies 
between  A  and  O  or  B  and  O,  that  is^  according  as 
the  momentum  of  the  ball  A  or  that  of  the  ball  B 
predominates. 

11.  Resilient  BoDiEs.-*^Let  (fig.  63.)  a  glass  or 
iToiy  ball  A,  advancing  with  the  rdocity  AO,  strike 
a  similar  ball  B,  which  moves  in  the  same  direction, 
but  with  the  velocity  BO.  The  collision  will  evi- 
dently take  place  at  the  pbint  O.  The  first  effect 
of  this  shock  is  to  produce  a  momentary  union  of 
the  two  balls,  the  impinging  surfaces  in  both  being 
partially  flattened.  The  next  act  is  to  recover  their 
globular  figure  by  an  elastic  or  resilient  effort,  which, 
if  exerted,  in  an  equal  instant  of  time,  would  exact* 
ly  redouUe  the  change  impressed ;  for,  as  in  fig* 
87*f  whatever  velocity  is  gained  or  lost  by  eidier 
ball  during  their  congress,  must,  by  the  reaction  of 
the  same  repulsive  forces,  be  repeated  again.  If  the 
enei^  of  recoil  were  exactly  equal  to  the  power  of 
compression,  the  elasticity  would  be  perfect.  Let 
it  be  assumed  as  such  in  the  collision  now  under  re- 
view. 

At  the  moment,  therefore,  when  the  ivory  balls 
come  into  the  closest  union,  they  take  the  common 
velocity  GO,  (fig.  63.)  and  consequently  A  loses  the 
velocity  AG,  while  B  gains  the  velocity  GB.  But, 
in  the  subsequent  act  of  recovering  their  figure,  by 
a  mutual  exertion  of  elastic  force,  the  loss  of  A'ft 
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velocity  and  the  gain  of  B's  ve{oeity»  are  endi  doubled. 
Henoe»-  after  their  sepanition  has  been  effected,  the 
velocity  of  A  is  AO^-*AG,  and  the  velocity  of  B 
16  fiO-f  ISGB.  Make  GP ;::  GO ;  and,  it  wUI  fol- 
low, that  PA«  PG~AG= GO— AG=5  AO-fi  AG, 
and  PB  ^  PG+GB  »GO+  GB  »  BO  +  2GB  ; 
whence  PA  and  PB  will  express  the  resulting  velo* 
cities  of  A  and  B.  It  also  appears  that  PG  expres* 
aas  the  veloeity  of  the  centre  of  gravity,  being  eqiii|l 
to  GO,  ^he  velocity  which,  it  had  before  oolliaioii. 

Next,  lei  the  halla  A  and  B^  whose  centre  of  gra- 
vity ia  G,  meet  in  opposite  direotions  at  O  (fig*  64.) ; 
GP  being  taken  equal  to  GO  ;  the  Telocity  of  A  will, 
in  the  act  of  approach,  harve  its  veloetty  diminiidied 
from  AG  to  AG,  and  by  the  subsequent  recoil  redu- 
ced to  AP,  while  the  veloeity  of  B  is  aagmented  to 
BC  and  next  to  BP.  '  In  fig.  6d.,  a  similar,  though 
modified,  result  takes  place. 

The  case  of  perfectly  resilient  bodies  admits  the 
application  of  the  principle  of  the  Conservation  cf 
JUvimff  JPtmxs.  Thus,  (in  fig.  63, 64f,  and  69.)  the 
weights  of  the  balk  A  and  B,  multiplied  into  the 
squwes  of  their  velocities  before  and  after  collision, 
wifi  jSorm  the-  saaaae  amount.  In  other  words, 
AO»-BG  +  BO* JlG  «  PA\BG  +  PB*.AG.  To 
prove  tlas,  it  vriB  be  sufieiait  to  show  that  AO^.BG 
exceeds  PA^.BG,  as  much  as  BO*. AG  is  less  thim 
PB*.  AG.  Now  (Geom.  II.  1?.)  AO»—PA*  = 
rAO+  PA)  (AO— PA)=P0.9AG  ;  and,  &r  the 
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same  reason,  it  follows  that  PB'~BO^s:(PB+BO) 
(PB— BO)= PO-2BG.  WherefiMTc  ( AO»— PA») 
BG=P0.2AaBG=(PB*— BO*)  AG. 

If  the  balls  A  and  B  be  of  equal  weights,  they 
will  interchange  their  velocities ;  for  G  the  centre 
of  gravity  occupying  now  the  nuddle  point,  it  is  evi- 
dent that  PA,  the  velocity  of  A  after  collision,  is 
equal  to  BO,  the  velocity  which  B  had  previously ; 
and  likewise  that  PB,  the  velocity  acquired  by  B^ 
is  equal  to  AO,  the  vdocity  which  A  brought  into 
action*  This  exchange  of  mutual  condition  takes 
place  equally,  whether  the  balls  move  in  the  same  or 
in  opposite  directions. 

Let  the  ivory  ball  A  (fig.  66.)  strike  another  B 
at  rest.  The  point  O  must  evidently  coincide  with 
B,  and  G  being  the  centre  of  gravity,  make  GP=BG. 
The  velocity  of  A  after  the  shock  will  be  denoted 
by  PA,  and  that  of  B  by  PB  or  2CB.  If  the  balls 
have  equal  weights,  (fig.  670  ^^^  point  P  will  obvious- 
Jy  fidl  on  A,  and  consequently  the  ball  A  wHl  stop 
and  transfer  all  its  motion  to  B.  Hence,  having 
placed  any  number  of  ivory  balls  in  mutual  contact 
along  a  straight  line  or  horizontal  groove,  if  the  first 
be  struck  in  the  same  direction,  the  last  one  only 
will  fly  off,  leaving  all  the  rest  apparently  unmoved. 
The  impulse  here  is  conveyed  along  the  whole  chain, 
neutralizing,  in  succession,  each  impinging  ball,  till 
it  seizes  and  transports  the  extreme  one. 

Suppose  B  to  be  a  firm  obstacle  (fig.  68.),  or  a 
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mass  of  iudefinite  extent  at  rest,  all  the  points  O,  B, 
G,  and  P  will  then  coincide,  and  therefore  the  ball 
A  will  be  made  to  rebound  in  the  opposite  dire^ion 
with  a  velocity  BA  equal  to  that  with  which  it  im- 
pinged. This  property  has  a  very  general  influence 
in  the  operations  of  nature. 

The  interposition  of  a  third  ball  C  between  two 
unequal  balls  A  and  B  may  augment  the  velocity 
communicated. ,  Thus,  let  the  ball  A  of  nine  ounces 
weight,  and  velocity  of  one  foot  a  second,  strike  di- 
rectly a  ball  B  of  an  ounce.     The  velocity  which  B 

will  receive  is  T'Tq^Tq^^*      ^"^  suppose  a  ball 

of  four  ounces  were  interposed ;  the  velocity  which 
B  would   then   acquire   by  a   double  transfer    is 

— ^  ,  -^^^  =  =-s..  r=24T.  I-<et  the  intervening  ball  be 
4+9   14.4    13  5      ^^  ^ 

now  only  two  Ounces,  and  B  will,  through  this  me* 
dium,   obtain   a  velocity   equal   to  ^-f-r  '.  -^  = 

The  intervention  of  the  third  ball  thus  augments 
very  considerably  the  impulse  delivered  to  B.  The 
effects,  too,  are  evidently  not  quite  the  same  in  both. 
Assume,  therefore,  an  intermediate  ball  of  three 
ounces.     On  this  supposition,  the  velocity  acquired 

by  B  would  be  ^—^ .  — ^=—  .  ^=4^,  which  is  evi- 
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dently  somewhat  greater  than  either  of  the  former  re- 
sults. The  iqtervening  ball  C>  being  now  three  ounces, 
is  evidently  a  mean  proportional  between  nine  and 
one,  the  weights  of  the  balls  A  and  B*  It  will  be 
found  in  general^  that  a  maximum  velocity  is  com- 
municated,  in/  interposing  a  ball  which  is  a  mean 
jproportional  to  both  extremes. 

To  investigate  this  curious  property,  let  (fig* 
690  ^^  ^^^  ^^  represent  the  weights  of  the 
perfectly  elastic  balls  A  and  B,  and  the  perpen- 
dicular BD,  the  weight  of  the  inserted  ball  C. 
The  velocity  communicated  to  B  will  be  expressed 

2AB        2BD         ^,   .,         .         I    . 
^y  AB+ BD-BD+BC'  ^""^  '*'  reciprocal   is  con- 

,                .      ,  ^    (AB+BDXBD+BC) 
sequently  proportional  to  ^ A  R  Rn ' 

but  this  expression  may  be  expanded  into 

AB.BC+AC.BD+BI>*  .,  ,^,  ^.  ,  ...^ 
.  p  T^p. .    About  the  tnangle  ADC 

describe  a  circle,  and  produce  DB  to  meet  the 
circumference  in  £,  and  the  velocity  of  the  ball  B 
,  BE.BD+AC.BD+BD*    AC+DE 

'^^'"^'^  ABJMDi =  -AB" ' 

wiuch  must  therefore  be  a  minimum.  But  AC  and 
AB  aore  both  ot  them  constant  quantities,  and  hence 
the  chord  D£  must  be  b  minimum*  Bisect  AC  in 
O,  and  the  distance  BO  from  the  centre  of  the  circle 
is  consequently  gi^tren.  The  circle  itself  must  there- 
fore be  the  least  possible :  Now,  of  all  the  circles 
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which  can  pass  through  the  points  A  and  C,  the 
smallest  is  obviously  thativhich  has  AC  for  its  dia- 
meter. Hence  ADC,  being,  contained  in  a  semi- 
circlcy  is  a  right  angle^  and  the  perpendicular  BD, 
or  the  weight  of  the  intermediate  baU>  is  (Geom.  VL  . 
15.)  a  mean  proportional  betwi^en  AB  and  BC»  the 
weights  of  the  balls  A  and  B. 

The  velocity  communicated  to  the  extreme  ball 
is  likewise  increased,  by  multiplying  the  interposed 
balls.  Thus,  a  ball  of  G4  ounces  with  a  velocity  of 
one  foot  each  second,  striking  another  ball  of  only 
1  ounce,  will  impress  the  velocity  Iff,  If  a  ball  of 
8  ounces  be  interposiedi  the  velocity  will  become 
S^ ;  if  two  balls  of  16  and  4  ounces  be  inserted, 
the  velocity  will  amount  to  4tVt  ;  but^  if  four  in- 
termediate balls  be  placed  in  the  continued  propor- 
tion of  3%  16, 8,  4,  S  ounces,  this  velocity  will  rise 
to  sm. 

Suppose  a  ball  of  32  ounces,  and  with  a  velocity 
of  one  foot  each  second,  to  strike  against  a  series  of 
balls  of  16,  8,  4,  2,  and  1  ounces ;  the  velocity  com- 
municated to  the  last  one  will  be  ^jm*  But  if  the 
order  of  these  balls  were  reversed,  and  the  smallest 
impinged  with  the  same  momentum,  or  a  velocity 
of  32  feet ;  the  velocity  transferred  to  the  largest 
ball  will  be  777*32  =  47/7,  the  same  as  before. 
With  the  same  original  impulsion,  thereforey  a  ball 
is^  by  this  arrangement,  made  to  move  as  fast  as  an- 
other^  only  the  thirty-second  part  of  its  weight. 

VOL.  I.  K 
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This  curious  result  might  appeair  at  first  to  con* 
tradict  the  principle,  that,  in  every  communicatiori 
of  impulse,  the  same  momentum  is  maintained.  Buf 
when  the  collision  commences  with  the  smallest  ball, 
the  rest  of  the  range,  except  the  last  one,  are  thrown 
partially  backwards,  and  consequently  their  several 
momenta  are  to  be  deducted  from  the  final  moment 
turn  of  the  projected  ball.  On  the  other  hand, 
again,  when  the  collision  is  propagated  through  a^ 
descending  series  of  balls,  they  all  advance  with  cer* 
tain  velocities  afler  the  shock  has  been  transmitted 
through  them.  The  momenta  thus  acquired  and 
retained  should  consequently  be  joined  to  the  mo^ 
mentum  of  the  final  ball,  in  estimating  the  full  ag-^ 
gregate  effect.  Computed  in  this  way,  the  residt& 
will  be  found  exactly  to  correspond. 

In  regard,  however,  to  the  impulsion  Communicated 
through  the. ascending  series  to  the  extreme  ball,  an 
obvious  and  important  advanti^e  is  gdned.  The 
final  TnomeTUumf  in  the  example  which  we  have 
chosen,  is,  without  any  sensible  expense  of  time, 
more  than  quadrupled.  Were  this  idea  pursued,  ft 
might,  in  various  mstances,  suggest  the  means  of 
saving  labour,  and  improving  the  performance  of 
machinery.        / 

Suppose  a  ball  of  perfect  elasticity  to  impinge  ob- 
liquely against  another  at  rest.  If  the  ball  A,  (fig. 
70.)  moving  in  the  direction  CA,  strike  B  at  the 


NATURAL  PHILOSOPHY.  147 

• 

point  D^  tbe  plfttie  of  collision  will  evidently  be  per- 
pendieukr  to  the  line  BDA  passing  through  both 
eestres.     Parallel  to  that  plane,  draw  CE  meeting 
the  extension  of  BA  in  £•     The  oblique  velocity 
CA  may  be  decomposed  into  CE,  parallel  to  the 
tangent  at  D,  and  £A  perpendicular  to  it*     But 
CE  has  no  concern  in  the  collision,  while  EA  is  di*. 
reotly  exerted  ag»nst  the  ball  B.     Divide  EA  in 
Gr^  so  that  £6  shall  be  to  AG,  as  the  weight  of  the 
boll  A  is  to  the  weight  of  the  ball  B,  and  make  GF 
equal  to  £G»     Since  AG  is  the  velocity  lost  by  the 
b^l  A  in  the  first  act  of  approach,  SAG — AE= AF 
must  be  the  velocity  of  its  recoil.     But  the  velocity 
C£  remaining  unalteredi  draw  the  peipendicular 
F£I  equal  to  it»  and  the  oblique  line  AH  will  ex- 
hibit the  velocity  and  direction  of  the  resilient  ball 
A.     The  lai|^r  bdil  B  which  is  struck  will  move 
with  the  force  and  direction  EF. 

When  the  two  balls  are  equals  the  point  ^G  will 
bisect  £A»  and  the  point  F  coincide  with  A.  The 
velocity  EA  will  therefore  be  transferred  from  the 
byi  A  to  the  ball  B^  which  will  move  in  the  perpen- 
dicular direction  DB,  while  A^  retaining  the  veloci- 
t  J  CE,  will  proceed  in  the  parallel  direction  AI, 

If  the  ball  B  be  considered  as  indefinitely  large, 
the  points  G  and  F  will  coincide  with  E ;  this  ball 
will  continue  at  rest,  while  the  ball  A  will  be  reflect- 
ed in  the  line  AK,  making  an  angle  EAK  equal  to 

k2 
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the  incident  angle  £AC.     Such  is  the  effect  of  atiy 
firm  obstacle  extended  in  the  plane  of  collision. 

The  propositions  respecting  the  impact  of  Coales-' 
cent  and  Resilient  balls  are  easily  verified  by  experi-* 
ment.  If  they  be  suspended  at  the  same  height  by 
parallel  threads,  they  will  acquire  velocities  very 
nearly  proportional  to  the  arcs  which  they  describcy 
and,  being  dropped  at  the  same  instant,  they  must 
always  impinge  at  the  lowest  point.  But  were  they 
made  to  oscillate  in  the  arcs  of  a  cycloid,  their  mo- 
tions would  be  absolutely  isochronous,  and  their  ac- 
cjuired  velocities  exactly  as  the  spaces  passed  over.  . 

In  treating  of  the  impact  of  elastic  bodies,  I  have 
confined  myself  to  the  case  of  perfect  resiliency^ 
where  the  partial  change  of  figure  occasioned  by  the 
shock  is  recovered  with  the  same  energy  and  rapidi- 
ty. But  such  accurate  and  complete  development 
of  force  never  occurs,  except  in  the  reflection  of  light 
and  the  expansion  of  air.  In  other  instances,  a  de- 
ficiency of  reaction  lessens  the  velocity  of  recoil. 
Thus,  a  marble  ball  dropped  from  the  height  of  16 
inches  upon  a  marble  floor,  will  perhaps  rebound 
only  9  inches.  On  this  supposition,  the  resilient 
energy  being  in  the  subduplicate  ratio  of  the  space, 
is  only  three-fourths  of  the  force  of  impact.  Were 
the  proportion  constant  in  the  same  bodies,  those 
modified  effects  could  easily  be  computed.  But  the 
)*eaction  is  rendered  more  complete,  by  the  great  ra* 
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^dity  of  the  shock*  Had  the  same  ball  fallen  from 
the  height  of  16  feet,  it  might  perhaps  have  rebound- 
ed 12  feet,  instead  of  9«  Such  perfection  of  resilien- 
cy is  hence  the  limit  to  which  all  substances  tend, 

as  their  motions  approach  to  extreme  celerity* 

« 

> 

If  a  system  of  atoms,  turning  about  a  fixed  axis, 
impinge  at  a  given  point  against  a  firm  obstacle,  the 
shock  will  either  be  completely  extinguished  ia  that 
point,  or  partly  spent  upon  the  axis  of  motion. 
When  this  impulsion  is  only  partially  checked  by  the 
obstacle,  a  jarring  stroke  will  be  communicated  to 
the  axis ;  but  when  the  whole  of  it  is  absorbed  in 
reaction,  the  axis  will  suffer  no  tremor.  The  point 
of  impact  in  which  this  balance  of  moving  forces  oc« 
cuts,  is  therefore  called  the  Centre  of  Percussion. 

To  simplify  the  investigation,  let  it  be  restricted 
to  the  case  of  a  compound  pendulum  or  inflexible 
rod,  with  the  balls  B,  C  and  D  attached  to  it,  and 
swinging  from  the  point  A  (fig.  710*  I^  P>  ^^® 
centre  of  percussion,  be  stopped,  those  balls  must  ex-* 
pend  their  momenta  against  the  lever  AD,  to  which 
P  may  be  considered  as  a  fulcrum.  The  velocities 
of  impulsion  at  B,  C  and  D  are  evidently  as  the  se- 
veral distances  BA,  CH  and  DA  from  the  point  of 
suspension ;  but  these  velocities  must  all  be  extiu'r 
guished  by  the  obstacle  in  the  same  moment  of  time ; 
and  consequently  duri;ig  the  short  lapse  preceding 
ihe  extinctioi),  they  ^ill  act  in  the  same  proportion. 


'. 
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as  indting  forces  or  pressures.  The  ball  B  will 
hence  press  against  the  lever  for  a  moment  with  a 
force  B.  ABy  the  ball  C  will  press  with  a  force  C.  AQ 
and  the  ball  D,  during  the  same  instant,  will  press 
with  the  force  D.AD.  Now,  frpm  the  property  of 
the  lever,  the  forces  at  B  and  C  will  cause  the  strains 

B.AB.-jTjj,  and  C.AC.-jp  at  the  point  of  suspen- 
sion A,  while  the  force  at  P,  on  the  other  side  of 

DP 

the  fulcrum,  will  exert  an  opposite  strain  D. AD.-jp. 

Wherefore,  since  an  equilibirium  of  impression  must 

obtain,  B.AB.-jp  +  C.AC.-r^  =  D.DA.-™,  and 

thence  B. AB.BP  +  C.AC.CP  =  D.AD.DP.  But 
such  was  likewise  the  condition  that  determined 
the  Centre  of  Oscillation,  which  in  this  case,  there- 
fore, must  coincide  with  the  Centre  of  Percussion. 
Both  these  centres  are  indeed  the  same,,  unless  the 
dimensions  of  the  compound  body  should  extend 
considerably  in  width  in  proportion  to  its  height.  In 
all  the  ordinary  cases,  they  may  be  assumed  as  iden<^ 
tical. 

If  the  compound  pendulum  ABCD,  (fig.  71.)  "» 
the  state  of  rest,  were  struck  perpendicularly  to  AB 
at  the  centre  of  percussion  P,  it  is  evident  that 
the  whole  would  be  made  to  turn  freely  about  A,  the 
point  of  suspension.     If  BCD  were  conceived  to  be 
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merely  a  rigid  syBtem  of  clustered  atom^,  the  direct 
impact  at  F  would  cause  it  to  revolve  about  A,  with- 
out jarring  against  that^  point.  The  first  effect  of 
the  fihockt  therefore,  would  be  the  same,  whether  the 
^stem  were  fixed  at  A  car  not.  The  aeveral  halls 
B,  C  and  D  would  begin  by  describing  the  .minute 
ases  S69  Q?,  Dd^  and  then  shoot  forwards  with  ve- 
locities prQiKNiiiAnal  to  those  spacer.  The  point  A, 
about  which  the  system  thus  begins  its  motion,  is 
c^Ued  the  Centre  if  Qmmrsion  or  Spantaneatu 
JSrtatiffn*  Let  Gff  he  the  initial  arc  described  by 
the  centre  of  gravity^  mA  draw  KfVcfgdf  parallel  to 
AD  \  the  velocity  B6  is  c(m^K)sed  of  the  direct  ve- 
locity B^  or  Qg  and  a  retrograde  velocity  hh ;  the 
velocity  Qc  likewise  consists  of  the  direct  velocity 
Ce"  or  Qg  and  the  retrograde  velocity  c^c  ;  but  the 
velocity  "Qd  is  compounded  of  the  direct  velocity  Tid' 
or  €30  and  (^  the  direot  velocity  dd.  While  the 
centre  4>f  gravity  or  the  whole  system  is  carried  for- 
wards wit^  the  ccmimon  velocity  Gg^  the  balls  B 
and  C  retreat  with  the  velocities  Vh  and  e'c,  and  the 
ball  D  advances  with  the  velocity  dd.  These  se- 
veral velocities  are  thus  proportional  to  the  distances 
firom  the  point  G  or^,  and  consequently  proportion- 
al to  the  centrifugal  forces  occasioned  by  the  balls 
continuing  after  impact  to  revolve  in  the  same  time 
about  that  centre.  But,  since  B.BG  +  C.CG  = 
D.DG,  these  divellent  forces  are  exerted  equally  on 
both  sides,  and  can  have  no  influence  whatever  in 
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distraining  the  rectilineal  advance  of  the  centre  of 
gravity,  which  must  therefore  pursue  an  undeviating 
and  rectilineal  course.  Every  other  point  of  the 
system  will  describe  a  species  of  cycloid,  either  cur^ 
tote  or  prciatej  (See  Gpeometry  of  Curve  lines, 

p.  3570 

From  the  equilibrium  of  the  opposite  momenta 
of  the  balls,  orB.BG+C.CG=D^.DG,  it  likewise 
follows,  that  the  progressive  motion  of  the  whole 
system,  or  of  the  centre  of  gravity,  is  neither  aug^ 
mented  nor  diminished  at  all  by  their  rotation. 
The  rectilineal  and  uniform  advance  of  this  centre, 
and  the  constant  circulation  maintained  around  it, 
are  therefore  two  distinct  and  independent  move-» 
ments. 

Hence,  while  a  rigid  system  of  cUoms  performs 
a  single  revolution^  Us  cmtre  qfgratnty  wUl  travel 
over  a  space  equal  to  the  circumference  of  a  circls 
described  about  the  centre  of  spontaneous  rotation. 
Thus,  if  the  narrow  cylinder  AB  (fig.  72.)  were 
struck  perpendicularly  at  the  point  P,  situate  at 
two*thirds  of  the  whole  length  from  the  end  A,  the 
cylinder  would  begin  to  move  about  that  extremity, 
.and  consequentlv  the  centre  of  gravity,  or  the  mid- 
dle point  G,  must  advance  in  the  direction  of  the 
stroke  over  a  line  that  is  equal  to  3.1416  times  the 
length  AB,  during  the  time  in  which  the  cylinder- 
performs  a  complete  revolution.  But  if  the  point  of 
impact  be  taken  nearer  G,  the  corresponding  centre  of 
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totatidn  will  be  thrown  beyond  A,     Suppose  the  cy- 
linder to  be  struck  at/?,  the  distance  Ap,  being  tliree- 

fifths  of  AB  }  then  GV  =^^^-.^-^=-^,    or 

Vy  the  centre  of  rotation,  lies  at  one-third  of  the 
-length  beyond  A,  and  consequently  6  will  advance 
|X6.98S2  or  5.2S6  times  AB,  while  the  cylinder 
performs  a  revolution.  But  if  the  stroke  were  aim-, 
ed  exactly  at  the  centre  of  gravity,  the  point  of  con- 
versioii  V  would  be  thrown  to.  an  indefinite  distance, 
and  the  cylinder  would  hence  be  carried  directly  for- 
ward, without  any  sort  of  rotation,  merely  in  a  pa- 
rallel position. 

Again,  suppose  two'  equal  balls  A  and  B  (fig.  73.) 
to  be  connected  by  an  inflexible  straight  line.  If 
this  pendulum  were  suspended  from  A,  the  centre 
of  oscillation  would  evidently  occur  in  B,  and  there- 
fore the  rectangle  under  the  distances  of  the  point  ' 
of  the  suspension  and  of  the  centre  of  oscillation 
from  the  middle  point  G  must,  in  every  case,  be 
equal  to  the  square  of  GB.  r  Hence,  if  the  line  AB 
were  struck  at  P,  which  bisects  GB,  the  centre  of 
rotation  would  be  transferred  to  V,  at  a  distance 
AV  equal  to  AG.  The  centre  of  gravity  G  would, 
therefore,  at  each  revolution,  describe  a  rectilineal 
path,  equal  to  the  circumference  of  a  circle  whose 
diameter  is  AB.  Let  AP  be  only  two-thirds  of 
AB,  and  the  point  of  conversion  V  will  be  thrown 
to  a  distance  Grv,  equal  to  the  triple  of  AG  ;  the  cen» 
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tre  of  gravity  would  hence  travel  over  4*7124  times 
AB,  during  each  circumvolution  of  the  connected 
balls. 

If,  ccxnformably  to  that  simplicity  which  pervades 
all  the  woAa  of  Nature,  the  planets  derived  their 
metiws  both  of  rotation  and  revolutioa  at  once  from 
the  impressioH  of  the  same  original  force,  our  earth 
muit  have  received  the  iMtyal  impact  at  the  distaaoe 
.  oi  the  l^y^th  part  of  the  equatorial  radius  from  the 
9xiSf  or  very  nearly  ^  miles.  The  centre  of  crai- 
yersien  would  be  distant  66i  radii,  a  little  b^ond 
the  ^rhit  of  the  moon.  In  lil^e  manner,  it  may  be 
computed,  that  Jupiter  had  received  the  stroke  which 
impressed  his  very  disproportionate  diumal  and  an- 
nual revolution^,  at  tibe  .d51th  part  of  his  radiufi^  or 
14040  miles  irom  the  ceaitre. 

If  a  rigid  system  of  atoms,  impelled  by  a  progres* 
sive  and  revolving  motion,  be  stopped  at  the  centre 
of  gravity,  its  rotation  about  that  point  will  evident- 
ly c(mtinue  the  same  as  before.  The  shock  bduag 
extinguished  by  the  resistance  of  the  obstacle,  the 
circulation  of  th^  system  is  maintained^  without  any 
effort  ^^erted  against  the  axis,  which  may  be  heiice- 
forth  either  fixed  or  loose.  But  if  the  centre  of  ro- 
tation remidn  fixed,  the  circumvolution  of  the  system 
ean  also  be  arrested  at  any  point  in  the  radius  of  de- 
scription. This  absolute  cessation  of  motion  must 
consequently  be  trmsAised  through  the  whole  mass^ 
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during  the  same  very  small  portion  of  time.  Let  the 
radius  ABCD  ('fig.  7^0  advance  into  the  proxxmate 
position  Abed,  while  the  revolving  impulsion  is  ex« 
pended.  The  atoms  at  B,  C,  and  D  therefore  pass 
over  the  minute  spaces  Bd,  Cc,  and  "Ddf  with  velo- 
cities pr(^rtional  to  these,  or  to  the  distances  AB, 
AC>  and  AD,  from  the  centre  of  rotatioii.  Conae* 
quenttyy  the  retarding  forces  that  extinguish  the  nu^ 
mentaf  and  which,  multiplied  into  the  spaces,  are  as 
the  squares  of  the  velocitiei^  must  be  proportional  to 
AB,  AC,  and  AD.  The  pressures  exerted  during 
impact  by  the  groups  or  balls  at  B,  C,  and  D,  are 
hence  as  B. AB,  C* AC,  and  D.AD  ;  b\it,  from  the 
property  of  the  lever,  the  powers  exerted  by  those 
pressures,  being  augmented  in  the  ratio  of  the  dis- 
tances AB,  AC,  and  AD,  are  prc^rtional  to  B.  AB% 
C.AC*»  and  D.AD^.  There  is  consequently  a  cer« 
tain  point  R  in  the  radius,  at  which,  if  all  the  balls 
B,  C,  and  D  were  conceived  to  be  collected,  the 
shock  of  circumvolution  or  angular  motion  would 
be  the  same.  This  point  has  been  therefore  call- 
ed the  Centre  of  Gyratian.  From  its  condition, 
(B+C+D)AR*=B.AB*+aAC*+D-AD%    and 

.%.     c      Ai>       /^B.AB*+C.AC*+D-AD% 
therefore  AR=y  ( B+C+D ) 

The  centre  of  gyration,  however,  is  not  strictly 
confined  to  a  mere  point,  but  includes  the  whole  cir- 
cumference of  a  ^^rcle  described  at  the  assigned  dis- 
tance about  the  centre  of  rotation.     It  has  been  al- 
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ready  shown,  that  G  being  the  centre  of  gravity,  the 
distance  of  the  centre  of  oscillation  or  percussion  is 
B.AB*+C«AC*+D.AD*      j^,      ati*     kn*  Ar\ 
(B+C+D),  A0>' *"'^*^"' ^^  =  ^^'^^* 

or  AR = ^( AG.  AO.)  Consequently,  the  distance 
of  the  centre  of  gyration  from  the  point  of  euspen-- 
sion^  is  a  mean  proportional  between  the  distances 
of  the  centre  of  gravity  and  of  osciUatian. 
*  Hence,  the  distance  of  the  centre  of  gyration  of  a 
straight  line  revolving  about  one  extremity,  is  a  mean 
proportional  between  the  whole  length  and  its  third 
part ;  and  hence  also  the  distance  of  the  centre  of 
gyration  of  a  circle,  or  of  a  circular  sector,  is  a  mean 
proportional  between  the  radius  and  its  half  If 
two  equal  balls  B  and  C  (fig.  48.  and  490  ^^  ^^^ 
tached  to  an  inflexible  line,  either  on  the  same  or 
opposite  sides  of  A  the  centre  of  rotation,  the  dis- 
tance of  the  centre  of  gyration  will  in  either  case  be 

/  /^ ~ ^ = ^(  AG.  AO).  In  a  sphere,  the 

distance  of  the  centre  of  gyration  from  that  of  mo- 
tion is  a  mean  proportional  between  the  radius  and 
two-fifths  of  it ;  but,  in  a  hollow  sphere,  this  dis- 
tance is  a  mean  proportional  between  the  radius  and 
two-thirds  of  the  radius. 

The  power  of  turning  any  rigid  sy3tem  of  atoms 
is  thus  proportional  to  the  square  of  its  distances 
from  the  axis  of  motion.  This  power  may  therefore 
be  termed  the  Momentum  ofMotation,  and  its  total 
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Wiount  in  any  revolving  body  is  expressed,  by  the 
mass  multiplied  into  the  square  of  the  distance  of 
the  centre  of  gyration. 

The  descent  through  a  declivity  h  performed 
either  by  sliding  or  rolling.  In  the  fonner  case,  the 
body  maintains  the  same  position,  and  is  immediate- 
ly urged  forwards  by  that  part  of  its  weight  which 
comes  into  action.  But  when  the  body  rolls  down 
any  path,  the  accelerating  force  has  not  only  to  in-> 
cite  the  progressive  advance  of  the  centre  of  gravity, 
but  to  create  a  corresponding  rotation  in  the  whole 
mass.  By  this  distribution  of  force,  the  action  ex- 
erted on  the  centre  of  gravity  becomes  diminished, 
and  its  velocity,  generated  in  a  given  space,  is  hence 
reduced  in  a  subduplicate  ratio.  Thus,  if  a  thin 
hollow  cylinder  were  set  to  roll  along  an  inclined 
plane,  the  matter  being  all  collected  to  the  circum- 
ference, the  rotatory  impulsion  must  be  equal  to  the 
progressive  momentum  of  the  centre  ;  wherefore,  it 
will  descend  in  a  given  time  only  through  half  the 
space  over  which  it  would  slide  lengthwise.  .  On  the 
other  hand,  if  the  matter  of  the  cylinder  had  been 
concentrated  in  the  axis  which  is  fixed  to  two  very 
thin  circular  ends,  no  sensible  portion  of  the  inciting 
force  would  be  lost  in  producing  rotation,  and  a  body 
of  such  a  spindle  shape  would  in  equal  times  travel 
twice  as  far  as  the  former  drum. 

These  di£ferent  effects  are  rendered  very  conspi-* 


158  ELEMENTS  OF 

CU0U8,  by  lunring  two  cylinders  of  light  wood,  bat 
loaded  equally  with  lead,  the  one  near  the  centre^ 
and  the  other  about  the  circumference,  each  of  them 
being  terminated  by  narrow  protuberant  rings  or 
beads.  The  cylinder  that  has  its  mass  approximated 
to  the  aaus  of  motion  will  be  found  to  roll  down  any 
inclined  plane  almost  as  fast  as  if  it  had  merely  slid, 
and  to  acquire,  in  the  same  time,  nearly  double  the 
Telocity  which  is  attained  by  the  cylinder  that  had 
ito  weight  thrown  to  the  circumference. 

In  a  homogeneous  cylinder,  the  distance  of  the 
centre  of  gyration  being  a  mean  proportional  be* 
tween  the  radius  and  its  half,  the  inciting  force  will 
be  divided  into  three  shares,  two  of  these  employed 
in  generating  the  progressive  motion,  and  the  Other 
consumed  in  producing  that  of  revolution.  It  there- 
fore descends  with  only  two^thirds  of  the  power  of 
gravity,  A  hollow  cylinder  has  its  centre  of  gyn^ 
tion  situate  in  the  circumference,  and  consequently 
one  half  of  the  inciting  force  urges  the  pn^^ssive 
motion,  while  the  other  half  merely  supports  the 
rotation.  In  a  solid  sphere,  the  force  of  accelera- 
tion being  distinguished  into  seven  shares,  five  of 
these  are  exerted  in  propelling  the  centre,  while  the 
remaining  two  are  spent  in  maintaining  the  conjoin- 
ed rotation;  its  descent  is  consequently  urged  by 
five-sevenths  of  the  power  of  gravity.  But^  in  a  hol- 
low sphere  or  very  thin  spherical  shell,  the  inciting 
force  is  allotted  in  the  ratio  of  three  to  five,  so  that 
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liie  propdling  enei^  is  only  three-fifths  of  graritoi' 

Since  the  square  of  the  Telocity  acquired,  in  de^ 
scending  through  the  same  path,  is  proportional  to  the 
accelerating  force,  the  time  of  descent  must  etidenti 
ly  follow  its  inTerse  subduplicate  ratio.  Hence  the 
time  of  a  semi^vibration  of  a  pendulum  in  a  cycloida! 
and  circular  arc  is  to  the  time  in  which  a  solid  cy- 
linder would  descend  throu^  the  same  arc  by  roll- 
ing, as  ^2  to  ^3,  or  very  nearly,  as  9  to  11 ; 
but  this  same  vibration  would  be  to  the  time  spent 
in  rolling  of  a  hollow  cylinder,  as  1  to  ^S,  or  near- 
ly as  5  to  7*  Again,  the  semi-vibration  of  a  pen- 
dulum is  to  the  time  of  rolling  over  the  same  are  by 
a  s<rfid  sphere  as  s/5  to  ^7>  or  nearly,  as  11  to  IS ; 
but  to  the  time  in  which  a  hollow  sphere  would  roll 
tiurotigh  it,  as  ^3  to  ^5,  or  as  7  to  9* 

These  proportions  are  reversed  when  the  rolling 
bodies  are  by  (heir  acquired  celerities  again  carried 
up  an  inclined  jdane.  The  hollow  ball  or  cylinder, 
which  in  their  descent  had  been  retarded  by  the 
large  share  of  their  inciting  force  consumed  in  ge- 
nerating the  rotation,  are  now,  by  this  accumulated 
momentumj  borne  with  greater  rapidity  in  rising 
over  a  similar  jriane.  If  they  roll  in  a  cycloid  or  in  a 
small  SM  of  a  circle,  their  motions  will  be  recipro- 
cated in  thd  same  periods  as  those  of  sliding  bodies, 
bst  very  unequally  divided.  The  hollow  spheres 
and  cylinders  will  in  their  descent  always  consume 
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a  longer  interval  of  time  than  is  required  for  theb' 
subsequent  ascent.  The  contrary  would  take  place 
if  the  matter  were  collected  near  the  centre  of  these 
bodies. 

.  If  a  body  be  struck  in  a  direction  which  passes 
through  its  centre  of  gravity,  it  will  advance  in  that 
line  with  an  uniform  celerity,  maintaining  inva- 
riably the  same  parallel  position.  But  if  the  scope 
of  impulsion  should  incline  on  either  side  of  the 
centre  of  gravity,  the  body  will,  besi4es  its  progres- 
sive and  rectilineal  motion,  acquire  abput  that  point 
a  coexistent  and;  independent  rotation.  To  illus- 
trate farther  this  important  property,  let  the  body 
ACBD,  (fig.  75.)  having  the  perpendicular  planes 
AB  and  CD  crossing  in  the  centre  of  gravity 
G,  be  struck  at  L  with  a  force  expressed  by  LO^ 
the  double  of  LN,  and  at  right  angles  to  AGB^ 
Join  LG,  and  produce  till  LG=:GP,  and  let  fall  the 
perpendiculars  LM,  PR  and  PQ.  The  force  LN^ 
which  is  half  of  the  original  impulse,  may  be  decom^ 
posed  into  the  forces  LG  and  GN  oi  DL«  But  the 
force  LG,  viewed  as  acting  upon  any  point  P  in  that 
direction,  is  equivalent  to  GP,  which  again  may  be 
decomposed  into  the  forces  QP  and  GQ  or  RPr 
But  QP  is  evidently  equal  to  LN  or  NO,  while  GQ 
is  equal,  to  DL  or  GN.  The  equal  forces  QP  and 
NO,  thus  exerted  at  equal  distances  on  both  sides  of 
the  centre  of  gravity,  must  produce  an  equilibrium^ 
and  urge  forward  that  point  by  their  joint  action* 
Wherefore  the  centre  of  gravity  is  borne  along  in 
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the  same  or  paralfel  direction  DC,  with  the  entire 
force  of  impulsion  LO.  But  there  still  remain  the 
forces  DL  and  RP»  which  may  be  conceived  to  act 
at  the  equidistant  {>omt8  M  and  R  at  right  angles 
to  the  diameter  MR,  and  hence  generate  a  revolu- 
tion about  the  centre  G,  widi  a  force  represented 
hy  2ML  or  QN.  This  rotatory  motion,  since  the  ef- 
forts on  opposite  sides  are  equal,  cannot  impair,  or 
in  any  way  disturb  ike  progresme  momentum. 

It  IS  evident  that,  every  part  of  the  plane  pev&nn* 
ibg  its  revolution  in  die  same  time,  the  centrifogail 
fiHToe  exerted  by  the  point  P  will  have  its  intensity  and 
direction  denoted  by  6R  But  this  oblique  force  may 
he  resolved  into  the  forces  PQ  and  PR,  at  right  an- 
gles to  the  cross  diameters.  Now,  from  the  property  of 
the  centre  of  gravity,  the  perpendiediar  distances  PQ, 
of  every  point  on  both  sides  of  ike  line  AGB,  ba- 
lance or  extmguish  each  other ;  and,  for  the  same 
reason,  the  perpendicular  distances  PR  on  both  sides 
of  C6D  are  exactly  balanced.  Consequently  the 
era^trifugal  forces  GP  of  all  the  points  about  the 
centre  of  gravity,  completely  extinguish  each  other 
at  the  axis,  and  leave  it  free  and  undisturbed. 

This  axis  would  evidently  pass  through  the  cen- 
tres of  gravity  of  eVery  similar  parallel  plane  which 
has  the  same  position.  In  each  of  these,  an  equili- 
brium of  centrifugal  action  must  likewise  obtain. 
Wherefore,  the  axis  of  a  symmetrical  body,  which 

VOL.  !•  L    . 
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may  be  conceived  to  be  composed  of  such  planei^ 
will  continue  permanent. 

An  irregular  body  may  commence  a  rotation  about 
any  axis  which  passes  through  its  centre  of  gravity^ 
because  the  aggregate  of  all  the  centrifugal  forces^ 
estimated  in  the  direction  of  perpendiculars  to  a 
plane  touching  the  axis,  must  produce  a  mutual  ex- 
tinction. But  though  this  collective  action  would, 
if  exerted  at  a  single  point,  maintain  a  perfect  ba- 
lance ;  yet  being  imequally  distributed  over  the  axis, 
it  may,  from  the  principle  of  the  lever,  predominate 
upon  one  side  of  the  primary  more  than  upon  an- 
other, and  therefore  continue  to  bend  the  axis  with 
greater  or  less  e£fect  in  some  particular  direction. 
Thus,  let  the  body  be  cut  by  a  plane  through  any 
point  H  (fig.  76?)  aboVe  or  below  the  common  cen- 
tre of  gravity.  Suppose  ^^  to  be  the  centre  of  the 
particular  section,  and  through  H,  where  the  axis 
pierces  it,  draw  the  perpendicular  diameters  oH^ 

^  and  cHd.  The  centrifugal  force  of  any  point  P  ex- 
erted against  the  axis  at  H,  being  expressed  by  Up, 
is  decomposed  into  the  forces  pq  and  prj  at  right 
angles  to  H&  and  He ;  but  from  the  property  of  the 
centre  of  gravity,  the  sum  of  all  the  pg^H  on  both 
sides  of  aHffb  is  nothing,  and  so  is  likewise  the  sum 
of  all  the  pfs  perpendicular  to  the  cross  diameter  ffi* 
Wherefore,  there  is  an  excess  ir  of  the  lateral  force 

pr,  which  for  the  whole  plane  will  amount  to  the  num- 
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ber  of  points  multiplied  into  ir  or  jfH.  This  pre- 
ponderanoe  will  consequently  be  exerted  at  H,  in 
bending  the  axis  in  a  direction  parallel  to  aHffb^ 
and  with  an  efficacy  proportional  to  the  distance  Hy 
from  the  centre  of  gravity.  Let  the  parallel  sec- 
tions, therefore,  be  multiplied,  corresponding  to  dif- 
ferent points  along  the  axis  ;  the  several  excesses  of 
centrifugal  action  being  thus  variously  combined, 
and  their  effects  estimated  by  the  application  of  the 
principle  of  the  lever,  will  give  a  certain  resulting 
impression,  which  tends  to  push  the  centre  or  axis 
about  the  fulcrum,  (fig«  770  ^^^^  ^^^  force  and  in 
the  direction  OZ. 

Conceive  such  parallel  sections  at  equal  intervds, 
multiplied  indefinitely  in  various  directions,  and  at 
the  distances  1,  2,  9, 4, 5,  &c.  from  the  centre  O ; 
and  let  their  corresponding  efforts  to  derange  the 
axis,  when  all  reduced  to  the  same  vertical  plane,  be 
denoted  by  a,  6,  c,  df,  6,  ^.  It  is  evident,  that 
the  aggr^ate  power  exerted  to  bend  the  axis  in  this . 
plane,  will  be  expressed  by  a  -f-  2ft  4*  Sc+4d+5e+ 
&fi.  From  the  property  of  the  centre  of  gravity,  all 
the  different  efforts  about  the  axis  must  counterba- 
lance  each  other,  or  a+fc+c+rf+c,  &c.  =0.  But, 
that  the  axis  should  remain  undisturbed,  the  action 
of  those  powers  must  produce  a  mutual  balance,  or 
a+9b=:3c+4id+5e+  &c.  =o.  These  are  hence  the 
only  two  equations  for  determining  the  innumerable 
quantities  a,  ft,  c,  di  e^  &c.,  which  will  therefore  ad- 

l2 
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mit  of  values  indefinitely  varied,  and  subject  only  to 
such  very  general  conditions.  •  Suppose  those  values 
to  be  represented  by  a  countless  multitude  of  curves 
applied  to  the  axis  ;  their  mutjual  intersections  will 
form  an  infinite  variety  of  dispersed  points.  Among 
such  immense  diversity,  therefore,  it  would  be  pos- 
sible to  trace  a  succession  of  them  in  a  straight  line. 
This  marks  the  direction  of  a  permanent  axis,  which 
unites  the  conditions  impKed  in  the  two  fundamen-. 
tal  equations. 

It  may  therefore  be  inferred,  that  every  rigid  body, 
however  irregular  in  its  form,  has  at  least  one  axis 
about  which  the  cumulative  centrifugal  action  would 
be  exactly  balanced.  This  axis  is  called  the  PHn- 
cipal  Axis  ;  but,  depending  on  it,  there  are  always 
two  other  axes  which  have  the  same  denomination* 
For  let  OB  aaid  OC  (fig.  78.)  be  drawn  through  the 
centre  of  gravity  perpendicular  to  the  principal  axis 
OA  and  to  each  other.    Let  the  plane  AOB  cut 

.  the  section,  which  passes  through  H  in  HL ;  from 
any  point  P  in  that  section  draw  PL  at  right  angles 
to  HL,  and  LK  parallel  to  AO,  and  join  PK.  The 
centrifugal  force  of  the  point  P  about  the  axis  OB 
being  proportional  to  its  distance  PK,  this  force  is 
reduced  to  KL  acting  in  the  direction  of  OA,  and 
therefore  bending  OB  with  an  energy  KLxOK. 
The  combined  efforts  to  change  the  position  of 
this  new  axis  will   consequently  be  expressed  by 

/,  OKx  KL,  or/,  HLxOH;  but  the  latter  expres- 
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sion  was  shown  to  produce  accumulatively  a  mutual 
balance  about  the  axis  O  A,  and  hence  the  disturbing 
impressions  exerted  on  OB  will  extinguish  each 
other,  and  leave  it  perfectly,  free  in  its  rotation.  The 
same  reasoning  will  apply  to  the  third  axis  OC» 
which  is  at  right  angles  both  to  OA  and  OB.  Every 
hodjy  howev^  irregular,  has  ccmsequently  those 
three  Principal  Axes.  In  the  case  of  a  symmetrical 
body  generated  by  the  revolution  of  a  plane,  the 
primary  axis  evidently  is  an  individual  line,  but  the 
other  two  principal  axes  are  indeterminate,  being 
any  perpendicular  diameters  of  the  circle  of  the  equa- 
tor* 

The  momentum  of  rotation  about  the  primary  axis 
13  always  a  minimum.  For  this  axis,  in  a  lymme- 
trical  body,  must  pass  through  the  centre  of  gravity 
of  each  vertical  plane,  and  consequently,  by  Prop.  SI. 
JBook  III.  of  Geometrical  Analysis,  the  sum  of 
the  squares  of  all  the  lines  drawn  from  that  centre 
to  every  particle  of  each  plane,  which  constitutes  the 
momentum  of  rotation^  is  less  than  the  sum  of  the 
squares  of  their  distances  from  any  other  point.  In 
the  case  of  irregular  bodies,  the  primary  axis  will 
evidently  cut  the  successive  planes  as  near  as  possi- 
ble to  their  centres  of  gravity,  and  therefore  the  ag- 
gregate squares  of  the  distances  of  all  the  physical 
points  will. yet  be  a  minimum.  It  can  likewise  be 
proved,  that  about  one  of  the  remaining  principal 
axes  the  momentum  of  rotation  is  ^maximum. 
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V.  MECHANICS, 

which  consists  in  the  application  of  the  Principles 
of  Dynamics  to  the  construction  and  composition  of 
Machinery. 

The  various  wants  of  society  are  supplied  by  the 
operations  of  human  industry  on  the  surface  of  the 
globe.  It  was  necessary  to  divide  and  re-unite  bo- 
dies, and  to  transport  portions  of  matter  from  one 
place  to  another.  But  those  labours  are  abridged, 
and  rendered  greatly  more  productive,  by  the  pn^r 
exercise  of  skill.  The  incessant  efforts  to  augment 
our  powers  by  the  aid  of  tools,  called  forth  the  eaiv 
liest  germs  of  ingenuity  and  invention.  Without 
the  simpler  implements  of  art,  mankind  could  never 
have  emerged  from  the  savt^e  state ;  and  to  the 
prodigious  improvement  and  extension  of  machinery 
in  modem  times,  we  are  indebted  for  all  the  com- 
forts, enjoyments,  and  delicacies  of  highly  civilised 
life. 

The  elements  of  Machines  may  be  ranked  under 
two  distinct  classes — ^those  of  a  general,  and  those 
of  a  particular  nature.  To  the  former  belong  what 
I  should  call  the  Cfmcefntrator  of  Fbrce,  and  the 
Engine  of  Oblique  ActioHy  which,  when  composed 
pf  connected  cords,  has  been  named  the  JFunicuk^ 
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Machine  ;  the  latter  include  the  five  ordinary  me- 
chanical powers — ^the  Lever^  the  Whed  and  Azk^ 
the  Inclined  Plane^  the  Screw,  the  Wed^e,  and 
the  PuUey.  We  shall  consider  these  several  in- 
struments in  their  order.  « 

1.  TTie  Concentrator  of  Farce.'^This  exi^e  e%' 
hibits,  in  a  very  striking  manner^  the  accumulation 
and  transfer  of  impulsion  among  bodies,  and  may 
therefore  be  regard^  as,  next  to  Atwood's  inge- 
nious machine,  a  most  important  addition  to  our 
stcx^k  of  illustrative  philosophical  apparatus.  It  not 
only  sheds  a  clear  light  on  some  abstruse  parts  of 
mechanical  theory ;  but  may  with  advantage  be  di- 
rected, in  a  variety  of  important  cases,  to  the  prac- 
tice of  the  arts. 

Tliis  Concentrator  consists  of  a  ponderous  wheel, 
composed  of  a  thin  circle  of  iron,  loaded  at  the  cir-, 
eumference  with  a  broad  swelling  ring  of  lead,  and 
fixed  to  a  strong  steel  axle,  to.  which  is  likewise  at- 
tached three  or  more  barrels  or  short  cylinders,  of 
different  diameters,  the  smaller  formed  of  brass,  and 
divided  in  two  parts  that  are  capable  of  locking  to- 
gether at  pleasure.  The  axle,  ^placed  in  a  horizon- 
tal position,  runs  upon  gudgeons  on  the  top  of  a 
high  and  solid  frame  ;  and  the  machine  may  be  set 
in  motion,  either  by  turning  a  winch,  or  more  com- 
monly by  the  descent  of  a  small  weight  fastened  to 
a  silk  line,  which  passes  over  a  pulley,  and  is  lapped 
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round  one  of  tke  barrels.  Fig.  79-  r^resents  die 
onty  model  whkb  I  have  yet  used,  the  iTiime  being 
about  5  feet  high,  the  wheel  has  18  pounds  v^ht, 
and  is  17  inches  in  diameter^  while  the  diameters  of 
the  successive  barrels  are  only  6,  4,  and  2  inches. 
The  principal  application  of  this  engine  is  to  raise 
from  its  platftnm  any  great  weight.  If  1  powkly 
for  instance,  in  descending  through  30  feet,  gra- 
dually communicate  its  impression  to  the  wheel,  and 
the  instant  it  reaches  the  ground,  the  detached  part 
of  the  brass  barrel  diould  lock  tod  eatoh  hold  of  the 
loop  of  a  cord  holding  a  half-hundred  weight  or  S6 
pounds,  this  mass  will  be  almost  immediately  lifted 
up  near  6  inches,  and  there  suspended,  fiut  what 
is  remarkable,  and  appears  at  first  sight  paradoxical, 
the  effect  is  precisely  the  same,  about  whatever  bar*^ 
rel  the  line  be  wound,  Tlie  result,  however^  is  quite 
altered,  when  different  descending  weights  are  used, 
the  elevation  produced  being  always  proportional  to 
than.  Thus,  the  descent  of  S  and  of -4  pounds 
through  90  feet,  will  respectively  raise  56  pottndfr 
to  nearly  1  and  2  feet. 

It  is  not  difficult  to  explain  generally  these  effbetSi^ 
Let  the  diescending  power  be  very  small  compared 
with  the  weight  of  the  ponderous  wheel,  and  jup- 
pose  its  action  at  first  to  be  exerted  at  <^e  rim.  Thia 
rim,  in  which  is  condensed  t^e  entire  mass,  will  now 
describe  a  space  equal  to  the  measure  of  descent,  and 
the  whole  power  may  be  considered  as  inciting  its 
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revolution.  Consequentl;^  the  square  of  the  velocity 
acquired  by  the  wheel  .must  be  proportional  to  the 
descending  power  multiplied  into  the  space  through 
which  it  falls.  When  the  accelerating  force  acts  on 
a  barrel  smaller  than  the  wheels  the  energy  exerted 
at  the  rim  is  proportionally  diminished,  but  the  space 
described  by  it  is  augmented  in  the  same  ratio,  and 
henci^  the  square  of  the  velocity  resulting  from  those. 
combined  causes  will  continue  unaltered.  This 
square  of  the  velocity,  or  measure  of  impulsion,  is 
extinguished  by  the  efforts  expended  in  raising  the 
weight.  Wherefore  the  power  multiplied  into  the 
quantity  of  descent  is  equal  to  the  weight  multiplied 
into  its  corresponding  ascent.  The  power  and  the 
weight  are  thus  inversely  proportional  to  the  spaces 
which  they  severally  describe. 

This  genenil  pn^Kmtion  must  be  viewed,  how«- 
ever,  as  only  a  very  near  approximation  to  the 
truth,  since  the  small  quantities  which  would  af- 
feet  the  result  are,  for  the  ^ake  of  simpiidty^  re- 
jected. Thus,*  a  minute  portion  of  the  inciting 
force  is  wasted  in  generating  the  slow  descent  of^ 
the  falling  body,  while  the  final  impulsion  of  the 
wheel  incurs  a  slight  loss  merely  in  sustaiiiing  the 
momentary  gravitation  of  the  weight  to  be  raised. 
To  investigate  the  ngprous  fermuks^  let  p,  d^iote 
the  falling  body,  and  8  the  space  which  it  de- 
scribes ;  m  the  mass  of  the  wheel,  g  the  distance 
of  its  centre  of  gyration,  and  a,  the  radius  of  the 
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barrel  round  which  the  thread  is  lapped.  Since 
the  circumference  of  this  barrel  must  move  just  as 
fast  as  the  descending  weight,  the  effect  would  be 
the  same  if,  instead  of  the  wh^l,  a  mass  express- 

ed  by  -^  had  been  collected  at  the  distance  a 
from  the .  axis.  The  whole  inciting  force  p  is 
hence  shared  proportionally  between  p  and  -^, 
and  therefore  the  part  of  it  exerted  on  the  barrel 
is  J^a^p  >    w*^i^^>  ^eing  divided  by  ^,  gives 

— \\   ^    for  the  accelerating  energy.    The  velocity 

communicated  to  the  circumference  of  the  barrel, 
by  the  descent  of  the  weight  p  through  the  space  ^, 

is  hence  =  8v/(^^)  =  8a^(^^). 
The  velocity  communicated  to  the  centre  of  gy- 
ration is  therefore  8y^l^^^  ^  ^.     But  this  fi- 

nal  velocity  may  be  again  extinguished,  by  the 
operation  of  an  opposite  retarding  force.  Let  w 
denote  the  height  to  be  raised,  h  the  height  of  its 
elevation,  and  h  the  radius  of  the  barrel  which  lifts 

itup;  then8^v/(^^)=8f^^(^^). 
and  consequently  — rT   >    =  — ,  .  i»   *     Hence, 
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die  other  quantities  remaining,  the  value  of  h  is 
easily  determined  from  that  of  to. 

As  an  exemplification  of  this  formulay  let  the 
measures  of  the  model  be  substituted.  Here 
p^\  lb.,  Jf  =  ao  feet,  «»=18  lb.,  «;  =  56  lb.,5f  =  f, 
and  a  and  b  the  smallest  barrels  =  y?  ;  whence 

♦  ift^  I  "="4  iqJ'  56*  ^d,  by  reduction,  we  have 

7T^o=-t;sko->  ai^d  A =.561 3  feet  or  6.735  mches. 
1153     1208 

If  the  barrels  of  2  and  3  inches  radii  were  employ- 
ed, h  would  be  respectively  6.717  ^^d  6.688  inches ; 
but,  if  the  accelerating  weight  had  been  4  pounds, 
the  ascents  corresponding  to  the  smallest,  the  middle, 
and  the  largest  barrel,  would  be  *26,868,  26,589» 
and  26,124  inches. 

In  general,  the  quantities  a^p  and  b^w  are  very 
inconsiderable  in  comparison  of  m^^  and  may  be 
therefore  safely  omitted.     Whence  pa  =  why  and 

A  =  ^.s.OTw=p,^.     There  is  no  limit,  then,  but 
w  ^  a 

the  strength  of  the  axle,  to  the  weight  which  may 

be  raised,  by  the  action  of  the  Concentrator  of  Force ; 

the  only  indispensable  condition  being,  that  the 

height  is  always  inversely  as  the  load.     The  fall  of 

2  lb.  through  30  feet  would  lift  five  hundred  weight 

or  560  lb.,  over  one  inch  and  a  third  part.     Such  a 

mall  primary  force  might  hence,  when  accumulated 
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in  this  way,  prove  sufficient  to  start  the  greatest 
load,  or  overcome  the  most  powerfid  obstacle. 

Instead  of  raising  great  weights,  the  Concentra- 
tor might  be  adapted  to  tear  asunder  thick  wires  or 
metallic  rods*  The  power  exerted  will  then  be  in- 
versely as  the  spaces  through  which  those  roda 
stretch,  before  they  suffer  fracture.  The  effects  will 
consequentlybeaugmented,  by  shortening  the  lengths 
of  the  rods.  To  the  bottom  of  the  engine,  6crew  a 
strong  bar  above  four  feet  in  height,  and  to  this 
fasten  rods  from  six  inches  to  a  foot  in  length.  If 
the  limit  of  extension,  which  precedes  the  final  dis- 
ruption, were  only  half  an  inch,  the  power  exerted,, 
though  produced  by  the  descent  of  a  siii^le  pound,' 
would  amount  to  about  1500  lb.  A  rigid  and  lin- 
yielding  body  is  hence  the  most  easily  tora  pr. bro- 
ken;      •  '  ...... 

But  the  impetus  accumularfed  by  the  Concentra- 
tor may  be  wholly  consumed,  in  merely  stretching 
a  very  elastic  substance  which  has  a  sufficient  length. 
If  a  vlight  contorted  spring,  for  instance,  be  opposed 
to  the  rotation  of  Che  mass^  it  will,  by  its  large 
though  languid  extension,  gradually  destroy  the 
motive  energy.  A  thick  woollen  cord,  loosely  plait-, 
ed,  and  tied  to  a  ring^t  the  bottom  of  the  machine, 
will  produce  a  (Similar  effect.  A  slender  heknpen 
string,  though  possessing  little  of  a  stretching  qua- 
lity, may  still  serve  the^ame  purpose,  if  it  be  taken 
of  an  adequate  length.      It  is  only  required  that 
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half  the  final  rtrain  multiplied  into  the  correspond- 
ing extension 'should  be  equal  to  the  product  of  the 
Billing  weight  by  its  quantity  of  descent.  .  A  ten- 
sion of  60  lb«,  acting  through  a  height  of  one  foot, 
would  be  sufficient  to  muffle  and  extinguish  the 
momentum  of  rotation  generated  by  the  descent  of 
one  pound  through  30  feet.  To  produce  this  effect, 
therefore,  it  is  Only  wanted  to  select  such  a  length 
of  cord  as  will  extend  one  foot,  by  the  application 
of  a  strain  of  130  pounds.  A  more  slender  sub- 
stance, if  proportionally  more  stretching,  would  have 
the  same  effect.  In  either  case,  a  weight  exceed<- 
ing  the  absolute  tension,  and  attached  to  the  end  of 
the  string,  would  not,  during  the  moderated  ccm- 
sumption  of  the  shock,  be  stirred  in  the  slightest 
degree  from  its  place. 

The  strength  of  a  cord  depends  on  its  thickness, 
but  the  power  to  resist  impulsion  is  determined  by  its 
elasticity  and  its  length.  This  principle,  which  has 
been  much  ov^looked,  enters  largely  into  the  consi- 
deration of  practical  mechanics.  Hence  the  practice 
of  stemming  a  ship's  way  into  a  harbour  by  the  fric- 
tion of  a  long  rope,  the  momentum  being  thtis  gra- 
dually spent.  A  short  rope,  firmly  fastened  to  the 
pier  head,  so  far  from  staying  the  vessel,  would  in- 
stantly Map.  For  the  same  reason,  a  ship  riding  at 
anchor  is  obliged  to  lengthen  her  cables.  When 
these  are  composed  of  chains,  the  tension  resulting 
from  a  diminution  of  curvature  is  precisely  the  same 
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as  if  a  contractile  force  had  been  exerted.  It  is  pet^ 
haps  a  general  error  in  civil  architecture  to  aim  at 
mere  solidity.  Lightness  combined  with  elasticity 
will  oft^n  resist  the  shocks  of  ages,  while  stiff  and 
ponderous  materials  are  crumbled  into  ruins. 

It  may  be  curious  to  mark  the  time  of  accumula- 
tion of  momentum  in  the  Concentrator,  and  that 
of  its  subsequent  expenditure.  The  force  accele- 
rating the  descent  of  p  is  ^^7^  >  »  and  conse-* 
quently  the  time   of  this   descent  in  seconds  is 

iv/(^^=^)  =  iv/(("^ +  «.■/.)  j).  The 
time  required  to  lift  the  weight  will  hence  be  always 

But  these  expressions  may  be  abbreviated,  by 
omitting  the  quantities  a^p  and  b^w.     Wherefore, 

0 

the  time  of  descent  is  nearly  ^J—9  a^d  the 
time  of  the  subsequent  ascension  of  the  weight 

*^  S^liT'  ^^  ^s/  ^»  because/w=wA.     Hence, 

ff  and  m  remaining  the  same,  the  time  of  genera- 
ting the  impulsion  is  compounded  of  the  inverse 
ratio  of  the  radius  of  the  barrel,  and  the  inverse 
subduplicate  ratio  of  the  falling  body,  with  the  di- 
rect subduplicate  ratio  of  the  space  of  descent ; 
while  the  time  of  expending  this  impulsion  is  in- 
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versely  as  the  weight  to  be  raised,  and  directly  in 
the  subduplicate  ratio  of  the  falling  body  and  of  its 
descent.  Thus,  one  pound,  having  a  line  coiled 
about  the  smallest  barrel,  will  descend  through  SO 

feet  in  -j  /(18.30)   seconds  or  46^''  ;    connected 

with  the  middle  barrel,  it  would  descend  in  28^'' ;  but 
applied  to  the  largest  barrel,  it  would  require  only 
15  y\    The  succeeding  act  of  lifting  an  half-hundred 

8 
weight  would  be  performed  in  j-r7;v/(  18.80)  se- 
conds, or  five-sixths  of  a  second.  J£  the  descending 
power  had  been  four  pounds,  the  times  spent  by  the 
successive  barrels  in  generating  the  momentum  of 
rotation  would  be  11^,  5{i"f  and  2^;  but  the 
time  of  hoisting  the  weight  of  56  pounds  would  be 

Let  a =6,  and  the  time  of  descent  will  be  to 
that  of  the  subsequent  ascension  as    /  -j-  to    /  -^, 

or  as  ^-^  to    /-^>  that  is,  inversely  as  J9  to  w. 

Hence  the  greater  is  the  weight  to  be  raised,  the 
more  rapid  is  the  act  of  its  ascension ;  and  it  is  the 
same  thing,  whether  an  obstacle  be  overcome,  or  a 
disruption  efiected.  The  impulsion  which  required 
46^  seconds  to  accumulate,  now  exerting  a  strain 
equal  to  1500  pounds,  would  tear  a  rod  of  metal 
asunder  in  less  than  the  thirtieth  part  of  a  second. 
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The  slowness  with  which  this  impulsive  eaei^  coU 
lectS)  is  remarkably  dontrasted  with  the  rapidity  of 
its  subsequent  discharge.  The  gr^teat  effects  may 
be  concentrated  withiiji  such  a  portion  of  time  w 
eludes  the  observation  of  the  senses^  and  appears 
really  instantaneous. 

The  Concentrator  of  Force  thus  &adj  elucidates 
the  acquisition  and  the  transfer  of  impidsive  ^energy. 
The  same  accumulated  momentum  produces  diver- 
sified effects,  according  to  the  way  i^  which  it  is  dis^ 
posed.  It  will  raise  a  ponderous  mass,  tear  asunder 
a  solid  body,  or  will  expend  all  its  action  in  merely 
stretching  a  substance  of  a  very  distensible  quality. 
These  different  purposes  are  attained  in  th&  opera- 
tions of  the  mechanical  arts ;  but  sound  theory  is 
yet  required  to  guide  and  improve  the  practice. 

This  engine,  constructed  on  a  large  scale,  might 
hence,  with  obvious  advantage^  be  adopted  as  a  ^ost 
powerful  aimliary  in  various  operations  of  arf. 
Many  situations  occur  which  require  an  immense 
effort  to  be  made  on  a  sudden,  and  within  a  very 
limited  space.  This  can  be  accomplished  only,  by 
storing  up,  as  it  wexe,  a  magazine  of  force,  which 
may  be  opened  and  discharged  at  some  precise  tno* 
ment.  Even  moderate  animal  exertioUi  if  a]^lied 
during  any  considerable  time,  will  communicate  to 
the  Concentrator  an  impulsion  sufficient  to  burst  the 
firmest  obstacles,  and  to  lift,  through  a  short  space, 
the  most  enormous  loads.     The  only  thing  wanted 
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ii,  by  the  application  of  geometrical  principles,  to 
gradnate  at  pleasure  the  transfer  of  impulsion. 

This  engine  involves  likewise  the  theory  of  the 
Phfj  which  is  annexed  to  various  machiiiesy  not  to 
augment  their  power,  but  merely  to  equalise  their 
motion.  The  vmable  inciting  forces  are  thus,  by 
the  intervention  of  a  heavy  wheel,  blended  together 
in  creating  one  great  momentum,  which  afterwards 
maintains  a  nearly  uniform  action.  The  use  of  the 
Fly  in  mechanics  hence  resembles  that  of  a  reservoir, 
which  collects  the  intermitting  currents,  and  sends 
forth  a  r^ular  stream. 

9.  Machine  of  Oblique  ^efton.— «-This  depends 
on  the  theory  of  the  composition  of  forces.  A  force 
exerted  in  the  proper  direction  will  balance  any  two 
ibrees ;  but  if  one  of  these  be  sustained  by  some  fix- 
ed point,  the  first  force  may  be  considered  as  acting 
only  against  the  other.  Let  the  force  OB  (fig.  80.) 
be  supported  at  B,  produce  BO  till  OD  be  equal  to 
it,  and  complete  the  parallelogram  AOCD  ;  the 
force  O  A  will  counteract  a  force  OC,  or  produce  an 
equal  force  in  the  opposite  direction.  If  the  angle* 
BOC  be  very  oblique^'  OC  will  be  much  greater  than 
O  A,  for  O  A  is  to  OC  as  the  sine  of  the  angle  COD 
to  the  sine  of  AOD.  Suppose  AO,  BO,  and  CO 
to  be  cords  tied  at  the  point  O  ;  the  fdrce  OA  would  ^ 
occasion  at  C  a  strain  OC*  If»  therefore,  while  the 
cord  OB  is  fastened  at  B,  an  extension  of  the  cord 

VOL.  I.  M 


178  ELEMENTS  OF 

OC  w^e  passed  over  a  pulley  at  Q  the  force  OA 
would  cause  the  partial  elevation  of  a  weight  repre- 
sented by  OC.  This  arrangement  has  been  called 
J^  FvmcvXaT  System.  It  is,  to  a  certain  ext^t, 
familiar  to  the  seaman,  who  has  often  recourse  to 
that  mode  in  bracing  the  sails.  He  pu)ls  at  P  lar 
terally  the  rope  AFC  (fig.  81.)  into  the  oblique  po- 
sition AOC,  and  his  power  being  at  first  indefinitely 
augmented,  enables  him  to  start  the  yard,  and  move 
it  through  a  minute  q^Nice ;  and  by  fast^uing  the 
slackened  rope  again  at  B,  he  can  renew  the  pro- 
cess. 

If,  instead  of  cords,  there  be  substituted  steel  bars, 
all  jointed  at  O,  while  OB  turns  about  the  fixed 
point  B,  a  most  powerful  thrust  will  be  produced  in 
the  directioa  OC.  This  thrust  would  even  be  in- 
creased in  a  slight  degree,  if  exerted  in  the  direction 
BC,  by  making  the  end  of  the  bar  OC  to  slide  along 
the  line  BC  j  for  OA  will  be  to  CP,  as  the  pres- 
sure at  O  to  the  thrust  at  C.  But  the  angle  BOC 
being  very  obtuse,  the  ratio  of  the  pressure  to  the 
thrust  may  be  considered  as  the  same  as  that  of  the 
sine  of  its  supplement  COD  to  the  radius^  If  thia 
apgle  COD  were  five  degrees,  the  thrust  would, 
hence  be  11^  times  the  pressure  j  but  if  tiiie  angle 
WQre  only  the  tenth  part  gS  a  degree,  the  thrust 
would  exceed  the  pressure  573  times.  At  the  mch 
menty  therefore,  of  the  collapse  of  the  bars  BO  and 
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CO  inio  a  xectiiiieat  poakiaii,  the  power  is  infinitely 
augmented. 

The  end  C  oTAe  bar  OG  my  he  easily  made  to 
moye  ift  the  durecttoti  BC,  by  cofihinnig  (fig;  SSl) 
two  opposite  hara  BN  and  NC  simflar  to  BO  and 
OC.  The  thrust  will,  in  the  case  of  great  eUicpBty, 
be  wreva^  as  the  angle  NCO.  Sooh  a  eombina- 
tioB  of  bars,  ^arioady  nmEfied,  has  lately  been  adopt- 
ed^ with  gveat  efibct,  in  soveral  Ofieratiena  of  aat-«^ 
fin*  opening  the  abeam-valve  of  Watt'a  engine-— for 
the  oonatnKtkni  €£  the  prhBting-pr0B8*~aBd  fi)r  es> 
tiaeting  die  steel  core  hovt  the  hoUoia  btaaa  cylinder 
now  uaed  aa  a  rdkr  in.  the  printing  of  cotton.  In 
aU  theaa  inaiBnieea,  a  vaat  mon^itary  effint  oii}y  ii 
wanted. 

The  eommon  nieehatHcal  potaevaai^  the  diief  el»» 
tnenta  of  all  machinery*  They  amount  to  fivey^  but 
nlay  be  ranged  in  three  iKviiiona:  1.  The  I^er, 
and  the  Whed  emd  Aade^  which  is  only  an  extent 
aion  of  it  ^  2.  The  iTueUned  IHaney  and  its  modifil- 
eatSeoa,  The  Screw  and  The  Wedg^  ;  and,  SL  The 
Pulkjfp.  which  admits  of  mnltipiied  oftmbinatiotis^ 
Of  these  instruments,  the  theory  has  been  already 
giveai,.  in  aa  far  aa  regards  equilibrium:  ^  and  to  pra»^ 
duoe  motion^  ii  is  only  rehired  to  apply  additional 
f<ffee«  But  it  will  be  satis&ctory  to  arrive  at  t^e 
aame  eonclusionsy  by  employing  the  principle  of  w- 

m2 
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tual  velocities.     We  shall  consider  these  element atf^ 
engine)}  in  their  order  of  succession. 

1.  Uie  Lever^  which  connsts  of  an  inflefrible  bar 
ACBy  (fig.  83.)  either  straight  or  bent,  resting  on 
a  point  C  called  the  Juhrum^  the  power  being  ap* 
plied  at  the  end  A  of  the  arm  AC,  to  raise  a  iveiffhi 
at  the  end  B  of  the  other  arm  CB.  Throwing  out 
of  view  the  weight  of  the  lever  itself,  and  supposing 
it  to  be  at  first  horizontal ;  let  it  shift  into  the  ptm« 
mate  position  A^CB'.  The  mintate  akt»  AA^  and 
BB'  dius  described  may  be  regarded  as  tangents, 
and,  consequently,  y/ARe  the  power  P  descends  ver- 
tically through  a  space  AA^  the  weight  W  rises 
through  a  space  BB^ ;  wherefore  the  oppo^itimamefOa 
being  equal,  P  X  AA'  ri Wx BB',  and  P  :  W  :  : 
BB' :  AA' :  :  BC  :  AC,  or  the  power  and  weight 
are  inversely  as  their  distances  from  the  fulcrum. 

Let  ACB  (fig.  84.)  represent  a  bent  lever,  and 
jfrom  its  extremities  A  and  B,  let  fall  the  perpendi- 
culars- AH  and  BI,  upon  the  vertical  CH  passing 
through  the  fulcrum  CI  Conceive  the  lever  to  move 
into  the  proximate  position  A'CB';  and  parallel  to 
CH  draw  A'^L  meeting  AH  in  L  and  BM  meeting 
B'M  a  parallel  to  AH  in  M.  From  similar  trian- 
gles, A'L  :  AA' : :  AH  :  AC,  AA' :  BB' : :  AC : 
BC,  and  BB' :  BM  :  :  BC  :  BI ;  whence,  by  com- 
position  of  ratios,  A'L  :  BM  :  :  AH  :  BI.  But 
AL  is  the  minute  descent  of  the  power,  and  BM  the 
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correspondixig  ascent  of  the  weijght^  consequently 
P  X  AX  =  W  X  BM,  and  P :  W  : :  BM  :  A'L,  or, 
by  equality  of  ratios,  P  :  W  :  ;  BI :  AH.  The 
fO¥rer  and  weight  are,  therefore,  inversely  as  the 
perpendiculars  let  fall  upon  the  vertical  CH, 
.  The  same  result,  is  deduced  from  the  property 
which  belongs  to  the  centre  of  gravity,  pf  occupying 
the  lowest  place  possible,  whenever  an  equilibrium  is 
attained.  Join  AB,  and  AH  ;  BI :  :  AG  ;  BG ; 
whence  Px  BG:;=  WxBG,  and  the  power  and  weight 
being  supposed  to  be  attached  at  A  and  B,  the  point 
G  would  be  the  centre  of  gravity  of  the  loaded  lever. 
This  centre  would,  therefore,  while  the  lever  turns 
idM>ut  its  fulcrum,  describe  an  arc  of  a  circle,  and 
hence  falls  into  the  lowest  position  in  crossing  th^ 
vertical  CH.  . 

Levers  are  usually  distinguished  into  three  kinds, 
according  to  the  relative  position  of  the  power,  the 
weight,  and  the  fulcrum.  1.  When  the  fulcrum  (fig. 
85.)  lies  between  the  power  and  the  weight.  This 
kind  includes  the  crow  and  handspike,  pincers,  and 
sdssars.  The  toothed  hammer  is  only  a  bent  lever  of 
this  kind.  Its  invention  was  in  mythology  ascribed 
to  Neptune,  his  trident  being  only  a  three-pronged 
crow.*  The  arm  PC  is  commonly  longer  that  WC, 
and  consequently  the  weight  exceeds  the  power. 
The  number  of  times  which  the  weight  contains  the 
power,  is  always  called  the  iTsec^anica/acft^anft^^  or 
purcha$€.     ?•  WKen  the  weight  lies  between  the 


182  ELEMENTS  OF 

fulcrum  and  the  power  (fig.  86.).  Hiis  kind  in^ 
dudes  the  ci*ow  in  its  more  general  application,  the 
baker's  and  druggist's  knife,  the  common  door,  the 
whed-barrow,  nut-crackers,  and  oars.  S.  When  the 
power  is  applied  (fig.  870  between  the  fulcrum  and 
the  weight.  To  this  kind  belong  the  sheep-shears. 
It  has  a  mechanical  disadvantage,  but  admits  of  a 
proportionally  wider  motion.  Hie  bones  of  animals 
are  therefore  levers  generally  of  this  sort,  pulled  by 
the  moderate  contraction  of  muscles  inserted  near 
their  joints. 

Conceive  the  forces  represented  by  die  power  and 
the  weight  to  be  exerted  upwards,  (fig.  88.)  in  a 
lever  of  the  first  kind,  their  joint  efibrts  will  be  sus^ 
tained  by  an  opposite  fulcrum  at  C.  Instead  of  the 
fulcrum,  substitute  a  load  suspended  from  the  same 
point,  and  this  will  be  shared  at  the  ends  P  and  W 
inversely  as  the  distances  PC  and  WC.  Such  is  tbe 
distribution  of  pressure  in  the  case  of  a  pole  bearing 
an  intermediate  weight.  If  it  hang  from  the  middle, 
the  carriers  will  always  share  the  burden  alike ;  but 
if  the  load  be  only  placed  upon  the  pole,  as  in  fig. 
89*  a  vertical  from  the  centre  of  gravity  will,  in  going 
up  hill,  divide  the  space  unequally  at  C,  and  the 
lower  person  must  therefore  suffer  a  greater  strain. 

Two  horses  of  unequd  strength  may  yet  be  yoked 
to  draw  equdly,  by  a  proportionate  division  of  the 
bar.  This  is  partly  effected  in  the  ordinary  way,  by 
attaching  the  perch  to  a  short  projection  from  the 
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middle  of  the  bar.  To  range  a  number  of  men 
alotig  the  arms  of  a  pole,  for  the  purpose  of  trans- 
porting heavy  loads,  is  very  unskilful,  though  fre- 
quently done  in  this  country.  Those  who  are  near- 
est must  evidently  take  the  greatest  share  of  the 
burthen,  while  the  remote  bearers  have  not  the 
means  of  exerting  their  strength.  The  method  prac- 
tised in  the  East  is  much  preferable,  the  strain  being 
Biiccessively  subdivided  by  a  system  of  levers  crdssing 
leach  other.  In  China  the  same  object  is  obtained 
still  more  simply,  by  placing  the  load  on  the  middle 
of  long  bamboos,  which  cross  at  different  angles,  each 
end  of  tibem  being  borne  by  a  labourer. 

When  a  load  is  laid  upon  a  plane  whose  weight 
may  be  neglected,  the  pressures  sustained  by  three 
points  have  been  already  assigned.  But  they  may 
bfe  derived'more  easily  perhaps  from  the  property  of 
the  lever.  For  suppose  the  triangle  ABC,  ffig,  90.) 
beariiig  the  weight  P,  to  rest  upon  the  angles  A,  B 
and  C.  Through  P  draw  BPD,  CPE,  and  APR 
Conceive  the  plane  to  be  lifted  by  the  point  B  about 
AC  as  a  fulcrum ;  BPD  being  then  a  lever,  the 
load  P  would  be  to  the  force  exerted,  as  BD  to  PD, 
or  as  the  triangle  ABC  to  APC.  In  the  same  man- 
ner, were  the  triangle  lifted  by  the  point  A,  the 
load  P  would  be  to  that  strain,  as  the  triangle  ABC 
to  BPC.  Wherefore,  collectively  the  forces  requir- 
ed to  raise  the  triangle  from  the  several  points  A,  B 
and  C,  or  the  pressures  which  these  exert  are  pro* 
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jgQrtiona).  to  tb^  QPl^it^  t^rigngl^^SPli  APCi  Wei 
APR ;  Wiben  3  poini^idea  AYith  th^  cen^/^  0f  ffgmr 
ty,  tby^  federal  iiMf^irpal  tqaqglea  ure  eqpifdi  aad  «k«I|- 

The  fu^tipn  cC  the  ,$uqp)e  l^r  is  ^vijleiitjly  coiir 
fine4  withiii  a.  yeiry  narrow  apace.  3u|^  by  memg 
of  a  small  ad4it^oii^  it  ,paa  be  rendered  capable  of 
rqteating  its  openitipn  to  ap  nnlimited  exteut.  This 
is  effected  by  apn^^ing  to  thi^  end  of  thejBhort  arm 
two  ^lawsi  which  wxitrjlf:  alterpately  ijgi  the  teeth  of  ^ 
ratchet  wheel. ..  Such  a  machine  is  called  the  Utii- 
versal  Lever.  \t  is  ysed  occasionally  for  r^sipg 
weights,  but  more  oommonly  for  dr^g^uQf;  Ip^  igf 
timber  to  the  sawrmilL 

Tha  mechanical  advantage  ijoay  ^  riE^peatedly  mujr 
tiplied^  by  a  combination  of  IcTers  pf  the  first  kind. 
Tliusy  the  power  being  applied  at  (fig,  ^91.)  At  let 
AB  act  upon  the  end  C  of  another  lever,  and  this 
upon  £|  the  termination  F  will  lift  a  yery  great 
weight.  Suppose  the  jmrctiase  o{  the  lever  AB  to 
be  %  that  of  CD,  3,  and  that  of  £F,  2 ;  then  oi^ 
pound  applied  at  A  will  support  4  X  3  X  S,  or 
pounds  at  !F,  and  a  slight  additional  forpe  will  set 
it  in  motion.  The  space  of  ascent,  howeyer,  must 
evidently  be  very  confined.  But  the  i^heel  an|d 
pinion  being  only  an  extension  of  the  lever,  the  same 
system  of  combination  may  have  its  action  ccmtinued 
pr  incessantly  renewed  in  a  train  of  toothed  wheel$i 
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:ODerfth««o9fr<M^nary^lHit^  useful  a^licatioiu 
p[4l!lielemt  is  lo  weigh  sahstances,  br  rather  to  conok 
^Mite^tlk^ir  ^^fight^  if  wmt*  rtaxid«rd.  This  can  be 
Bccomjflkm^^^  feil?her  a  skgle  weight 

'^  a  ^liet  df  subdivided  weights.  When  the  former 
nodd  19  ad^ted,  the  long  arm  of  the  lever  is  divid- 
ed iHtQ^portions  eqtial  to  th^  short  one,  which  has  a 
comiterpoise  appended  to  it.  The  ttandani  consist- 
ed  of  a  weight  resembling  in  shape  the  pomegra- 
nate^ and  hence  called  in  the  East,  Momman ; 
which  was  fixed  to  a  ring  ibhat  could  slide  along 
Ihe  successive  c^yisions,  Aid  mark  the  relative  weight 
0£  ihe  isdbstance  examined.  In  idlnsion  to  this  cir«- 
cumstance,  the  Stfid  Yard,  as  it  is  now  termed,  was 
formerty,  through  fftisconceptipn,  damed  the  Honum 
Statera.  If  the  fulcrum  or  point  of  suspension  be 
tnken  still  nearer  the  end,  the  scale  bf  weights  will 
be  pri^rtionally  augmented*  The  small  balance  of 
the  Chinese  consists  of  a  tapering  rod  of*  ivory,  like 
A  quill,  perforated  in  four  points,  to  be  suspended 
by  di^rent  threads,  the  subdivisions  being  extended 
filong  each  corresponding  side. 

The  common  balance,  though  less  expeditious,  \s 
isapflble  of  greater  accuracy  than  the  steel  yard.  As 
it  faas^qual  arms,  it  requires  a  series  of  intermediate 
weights.  For  philosophicd  purposes,  the  easiest 
way  is  to  reckon  always  by  grains.  The  geometri- 
^  progression  },  2,  4,  8,  16,  3S,  64,  &c.  forms  the 
isimplest  arrangement;  but  it  will  be  found  moro 
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convenient  to  follow  the  decimal  division,  and  the 
successive  sets  of  1,  2,  3,  and  4  ;  10,  20,  80,  and 
40 ;  100,  200,  SOO,  and  400 ;  1000,  «000,  3000, 
and  4000,  kc.  would  save  much  trouble  in  adding 
up  the  weights. 

A  False  Balance  has  one  arm  somewhat  longer 
than  the  other.  But  the  fraud  is  easily  detected,  by 
interchanging  the  places  of  the  weight  and  the  sub- 
-stance  to  be  weighed  ;  for  the  weight  assigned  will 
then  be  diminished,  in  the  same  proportion  as  it 
was .  before  augmented.  It  perhaps  deserves  remark, 
that  the  true  weight  is  ratlia*  less  than  half  the  sum 
of  those  opposite  indications.  Suppose  the  perpen- 
dicular BD  (fig.  92.)  to  represent  the  true  weight, 
and  let  BD  be  to  B  A  in  the  ratio  of  the  arms  of  the 
fraudulent  balance ;  having  completed  the  semicircle, 
it  is  evident  that  AB  will  indicate  the  weight  of  the 
substance  when  placed  in  the  scale  of  the  longer  arm, 
and  BC  its  weight  when  suspended  from  the  shorter 
arm.  But  BD  is  less  than  the  radius,  dr  the  arith- 
metical mean  between  AB  and  BC. 

Since,  from  the  property  of  the  semicircle^  BD  is 
a  mean  proportional  or  a  geometrical  mean  between 
AB  and  BC,  the  true  weight  of  any  body  might  be 
discovered  by  means  even  of  a  false  balance.  For 
let  it  be  weighed  first  in  one  scale,  and  then  in  the 
other ;  and,  the  results  being  multiplied  together, 
the  square  root  of  their  product  will  give  the  accu-* 
rate  value. 
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finery  correct  faalsnce  miut  thus  have  arms  of  |we>- 
ciflely  equal  lengths,  or  its  falcrum  placed  equally 
distant  from  the  extreme  points  at  whidi  the  scales 
are  suspended.  But  the  delicacy  of  the  instnunent  la 
derived  from  the  proximity  of  its  fuknim  to  the 
straight  line  joining  those  two  points.  To  preaerre 
a  stable  equilibrinm,  however,  the  fulcrum  must  oc»^ 
cupy  a  position  somewhat  above  that  line.  The 
beam  should  be  strong  and  light,  the  preferable  form 
consisting  of  two  holh>w  cones  :  it  diould  turn  with 
a  fine  knife-^lge  upon  a  plate  of  agate,  polished 
crystal,  or  hard  steel ;  and  the  scales  should  likewise 
be  hooked  from  sharp  edges.  The  sensibility  is  far- 
ther augmented,  and  the  lidL  of  iuf  iiry  obviated^  by 
various  other  oMtrivanceSk  To  such  perfection  have 
the  arts  beeii  carried  in  this  country,  that  Ramsdea'a 
£umam  bakace  would  turn  rritk  only  the  seven-mil- 
lionlli  part  of  its  load. 

In  treating  of  the  iNroperties  of  the  common  ba- 
lance^ it  will -be  requisite  to  consider  the  beam  as  a 
bent  levw.    We  shall  assume  it  as  devoid  of  weight, 

4 

and  tiien  i^^ly  the  small  correction  that  siich  an 
omiasiM  renders  neeesaaqr*  Let  AC  and  CB  (fig. 
98*)  ha  the  equal  anna»  C  di&Ailcnmi,  and  A  and 
B  the  points  of  suspension.  Snppoae  the  mass  in 
the  ecale  attached  at  B  to  exceed  somewhat  the 
wei^  lulled  at  A  }  the  beam  will  move  into 
an  oblique  position,  so  that  the  vertical  line  C£ 
will  divide  AB  into  segments  A£  and  BE, 
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are  inversely  proportional:  to  the  forces  acting  at  A 
and  B.  Let  W  denote  the  weight  with  its  scale, 
W  the  opposite  scale  and  mass  to  be  weighed^  while 
a  expresses  the  length  4)f  thearm  CA  or  CBf  dtht^ 
perpendiculiur .  CD^  and  I  the  angle  of  dedination 
DCE.  SinceW:  W'::Be:A£,byeoiapo«itioii 
W'+W  :  W'-^W  :  :  AB:2DE  : :  AJ>  :  DE*  and 

consequently  \fff^vj—TT\*    But DEnCD . tan  1, 

and  W'  +  .W  may  be  viewed  as  merely  equal  to 
iW  }  wherefore,  by  substitution,  we  have  W'-^Ws 

2W|  — ^- \     The  difference  of  weight  is  thus, 

in  the  same  beam,  proportional  to  the  tangent  of  de- 
clination. The  value  o£  d  in  relation  to  a  may  be 
easily  determined. by  experiment ;  and,  for  the<)on^ 
venience  of  calculation,  a  line  of  tangents,  divided 
oentesimally,  might  be  annexed  to  die  index  nf  the 
balance,  instead  of  a  giaduated  arc*    .     ' 

Let  the  weight  of  the  biealDi  itsdf  be  now  taken 
into  account.  If  G  (fig.  94i.)  be  the  place  of  the 
centre  of  gravity,  from  which  a  vertical  outs  AB  in 
F ;  the  effi>rt  of  the  beam  to-  recover  its  horizontal- 
position  would,  from  the  property  of  titie  lever,  be 
the  same  as  if  a  part  of  its  weight,  diminished  in  the 
ratio  of  BE  to  £F,  were  applied  at  B.  Let  m  de- 
note  the  weight  of  the  beam,  and  ff  the  depression 
C6  of  its  centre  of  gravity ;  then  EFszffMm  I,  and 
consequently  the  additional  pressure  at  B,  indicated 
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Djr  8Uch.de^lmatioii|  ];oust  be  -^.tm^l.    Thevalues 

of  a  and  mbeisg  d^eek&owfi,  tfaat  of  g ean  easily 
be  discovered  eiqieriitaeiitally,  from  observing  the 
angle  of  deviation  oceasioAed  by  tbe  appending  of  al 
single  grabi  at  Bi  Biit  the  position  of  the  centre 
*f  gittvityi  ttdconsequentlyAevaltie  of  ^,  is  altered 
at  pleasure^  by  merely  screwing' a  mit  or  bob  higher 
or  lower  on  the  index.  If  this  bob  were  so  adjusted, 
that  the  whole  weight  of  the  beam  is  to  one  grain, 
as  the  length  of  an  arm  to  the  depression  of  the 
centre  of  gravitj^  below  thet  fulcrum,  the  tangential 
line  of  the  index  would  mark  the  qualitity  of  correc- 
tiim  in  centesknal  paits^rf*  a  grahl. 

The  value  of  d  sndff  maybe  readily  and  accurate^ 
ly  found,  by  observing  the  times  of  the  oscillatimis 
of  the  loaded  beams.  Let  %•  98*  represent  the 
oUique  lever,  in  its  deviations  on  eidier  side  of  its 
position  of  equilibrium.  The  tendency  to  redress 
itself  is  measured  by  DE,  which  (s  proportional  to 
the  tangent  of  the  angle  DCE,  or  to  the  small  arc 
AA^  The  oaeillaitions  of  the  beam  are  hence,  un- 
der the  same  cireumstaiioes^  all  isochranous. 

But  the  time  of  those  osdllation^  may  be  deduced 
from  theory.  Since  the  accelerating  force  is  to  the 
weight  iqipended  at  A,  as  DE  to  CA ;  it  is  hence  to 
the  action  of  gravity,  in  the  oscillation  of  a  pendu- 
hun  CA  fiom  A  to  A%  as  DE  to  AA'  or  CD,  or  as 
CD  to  C A.    Wherefore,  CD  is  to  C A,  aa  CA  to 
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the  length  of  a  penduhim  which  would  vibrate  in  coU' 
cert  with  the  loaded  beam.  The  length  of  this  iso- 
dutmiwa  pendulum  i»  eonsequendj  the  diameter  of 
a  circle  (fig«  9^.)  described  ihraii^  the  fvlerom  C 
and  the  points  of  suq>€Bsion  A  and  B.  Cosrenelj, 
the  quantity  of  depression  CD  nCiay  be  fimnd^  by  di- 
viding the  atpuure  of  C  A  by  CFf  the  Icagth  of  &  pen- 
dulum ^corresponding  to  the  observed  time  of  vibra- 
tion*   Thus,  if  the  arm  GA  were  8  indbeahmg,  and 

oscillated  in  12  seconds  ;  CD  would  be  sT^sp^TTnit 

or  tibe  80th  part  of  an  indi. 

In  this  investigation^,  I  have  thrown  out  of 
view  the  weight  of  the  beam,  whiA  can  hsive  Ut- 
ile influence  when  charged  with  its  fuU  load  in  the 
scales.  But  this  dight  discrepancy  might  easily 
faeconreeted»  for  let  the  vibrations  of  tibe  naked 
SBid  loaded  beam  correspond  to  those  of  the  pcm- 

dulums  CK  and  CI^  and  i^'^'fitf  jTwCP  ^^^ 

1    r^r,      2W.CL*— in- CK* 
or  very  nearly  CF  =  gw,CL-^iii.CK   ^ 

The  delicacy  of  a  balance  may  hence  be  inftned^ 
fioM  the  shmness  of  its  osmUationa.  When  the 
ems  extend  almost  in  a  straight  line,  and  the  eent- 
tfe  of  gravity  is  brought  near  to  the  fukrus^  the 
beam  mil  turn  with  the  smallest  additional  wcaghL 
This  extreme  senaibiKty,  however,  proves  inoonveh 
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uient  in  practice,  by  requiriug  the  protectiou  of  a  glass 
ca^,  and  reudering  the  process  of  accurate  weighing 
very  tedious.  It  were  perhaps  better  generally  to 
give  the  beam  a  greater  flexure  that  it  may  Tibrate 
more  quickly,  and  to  apply  a  certain  correction,, 
which  is  easily  computed  from  the  tangient  of  docli^ 
nation. 


IL  The  Wheel  and  Axle  is  reckoned  the  next 
mechanical  power.  It  consists  of  a  wheel  fixed  tp 
a  smaller  cylinder  moving  about  the  same  centre  | 
the  power  is  applied  to  the  circumference  of  the 
wheel,  and  the  weight  to  be  raised  is  attached  by  a 
cord  lapped  about  the  cylinder.  Thia  instrument 
may  be  regarded  as  a  ccmtinued  lever.  The  power 
is^  therefore,  to  the  weighty  a&  the  radius  of  the  axle 
to  that  of  the  wheel ;  or,  if  the  principle  of  virtual 
velocities  be  preferred,  the  power  and  weight  are 
inversely  as  the  circumferencea  of  the  wheel  and  of 
its  axle.  If  spokes  or  arms  be  applied  to  the  wheels 
the  circumference  described  by  these  must  be  con* 
sidered  as  the  path  of  action. 

As  varieties  of  the  same  instrument,  we  may 
name  the  Capstan  or  Windlass^  and  the  Cammcm 
Gin.  In  the  latter,  the  rope  which  draws  up  tha 
weight  is  wound  about  a  drum,  with  a  long  project- 
ing arm,  which  a  horse  puts  in  motion  by  treading 
round  a  circular  path.    Of  a  similar  nature  is  the 
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enine»  driven  by  mm  or  cattle,  walking  within  iU 
circumference ;  but  here  the  purdiase  is  only  in  the* 
fatio  of  the  distance  of  the  point  of  impulsion  from  a 
tertical  through  the  centre  of  the  wheel,  to  the  ra«- 
dius  of  the  alle. 

The  wheel  and  axle  may  tarn  also  on  diflferent 
centres,  and  have  their  ciicum£nrences  connected  in 
mutual  action,  either  by  means  of  a  belt  or  strap, 
or  by  the  indentation  of  a  system  of  cogs  or  teeth. 
This  latter  arrangemept  is  usually  called  WAed  and 
Pinion. 

The  wheel  has  sometimes  its  axle  of  a  tapered  of 
conical  shape,  which  gives  it  a  varying  purchase. 
This  construction  is  adopted  in  the  fusee  of  a  watch, 
and  is  employed  likewise  advantageously  in  raising 
minerals,  by  an  uniform  pull  from  very  deep  pits,  the 
rope  at  its  greatest  length  being  coiled  abouit  Che 
narrow  end  of  the  axle,  and  advancing  towards  the 
wide  end  as  it  gradually  shortens. 

The  Double  Capstan  is  a  very  ingenious  contri- 
vance, originally  brought  from  China,  for  augm^it- 
ing  in  any  d^ree  the  efficacy  of  the  Wheel  and 
Axle,  without  reducing  its  strength.  It  consists  of 
two  conjoined  cylinders  of  nearly  equal  diameters, 
turning  about  the  same  axis,  the  weight  being  sup- 
ported by  the  loop  of  a  very  long  cord,  of  which  one 
end  uncoils  from  the  smaller  cylinder,  while  the 
Other  end  laps  constantly  about  the  larger  cylinder. 
(See  fig.  96.)  The  elevation  of  the  weight  at  each  re* 
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vriution  ia  therefore  equal  to  half  the  difference  be-^ 
tween.the  two  emttmferencea»  and  the  effibet  of  the 
airangeksent  is  jdie  Mioe  aa  if  the  cord  rastaining  the 
w^htha4  }/e&^  wcaiod  abrat  a cytinder,  which  ha9 
a  circumference  merely  equal  to  that  qaantity« '  Hie 
mechanidal  advaiUage  of  the  instrument,  combined 
with  its  pulley,  is  henee  in  the  ratio  of  the  diame- 
ter of  the  lajrger  cylinder  to  half  its  ei^cess  shove 
that  of  the  smaller  one.  Nearly  the  same  efibct  is 
pjtwtti^  by  emptying  a  smgle  conical  axle ;  one 
part  of  the  train  of  cord  unrolling  itself  from  the 
smalls  end,  while  the  other  part  is  coiled  up  towards 
the^  kffger  end« 

IIL  The  xkclined  Plane  is  accounted  the  third 
Mechanical;  Power,  It  has  been  already  shown  that 
an  equilifarium  would  be  produced,  if  the  force  ex- 
erted  were  to  the  wi^ght  to  be  raised,  as  the  height 
is  to  the  length  of  the  plane.  But  the  same  con- 
clusion is  derived,  from  the  consideration  of  Virtual 
Velocities.  JFor,  suppose  a  weight  were  drawn  up 
the  plane  AC  (fig.  33.)  by  a  cord  passing  over  a 
pulley  at  C.  While  this  weight,  in  moving  from  A 
to  C9  acM|uiref{  a  vertical  elevaticm  BC,  the  power  ex;- 
erted  will  descend  in  the  opposite  direction  through 
a  space  equal  to  AC.  The  power  and  weight  i^ust  • 
hence  be  hiversely,  as  AC  to  BC. 

The  Indined  Plane  is  often  combined  with  a.  dr- 
cular  Taotiop.    Suppose  AB£  (fig.  970  to  be  a 
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spiral  fixed  to  a  perpendicular  axis  at^  P.  As  k 
tarns  round,  it  will  push  in  the  direction  PB  ;  and 
the  proximate  radius  PD  being  drawn,  and  the  small 
arc  BC  described,  the  thrust  exerted  at  D  must  efi^ 
denily  be  to  the  rotaitory  power  applied  at  fi,  aa  CB 
to  CD.  If  the  curre  be  the  Eqtu^le  Spin(l|  it  will 
maintain  an  uniform  pressure,  and  the  mechanical 
advant^e  will  then  be  as  the  circumfet^ence  of  de- 
scription to  the  quantity  of  protrusion  PC,  during  a 
single  revolution. .  But  a  power  may  be  thus  evoU 
ved,  with  an  intensity  varying  as  circumstances  shall 
require.  If  a  circle,  for  instapce,  be  made  to  turn 
about  an  eccentric  point  P  (fig.  98.),  it  will  produce 
an  efibrt  that  increases  continually,  from  the  inter- 
mediate position  C,  till  it  becomes  infinite  at  the  re- 
mote extremity  B  of  the  diameter.  The  heart-shi^ 
(fig.  99.)  is  employed  in  the  composition  of  many  of 
the  most  useful  machines.  A  similar  arrangement 
will  conveniently  change  a  revolving  into  an  inces- 
sant reciprocating  motion. 

The  Inclined  Plane  is  employed  chiefly  in  facilita- 
ting excavations,  and  raising  the  materials  for  the  con- 
struction of  edifices.  On  the  same  principle,  the 
draught  on  roads  over  a  hilly  country  is  diminished, 
by  conducting  them  with  a  drcuitous  but  gentle  as- 
cent. 

« 

IV.  The  Screw  is  a  most  efiicient  Meeha&kat 
Power.  It  consists  of  a  ridge  or  groofe- winding 
about  a  cylinder,  and  cutting  at  the  same  angle  every 
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Kne  on  the  surface  drawn  parallel  to  the  axis.  The 
Screw  is  called  exterior  or  interior j  according  as  it  is 
formed  on  the  outside  or  inside  of  the  cylinder.  The 
acting  cylinder  has  always  a  handle  annexed  to  it, 
and  the  screw  is  therefore  really  a  con^iuid  of  the 
LeTer  and  Inclined  Plane.  As  a  machine,  it  iis 
commonly  employed  for  producing  compression,  but 
it  may  be  likewise  used  in  lifting  heavy  weights.  The 
power  applied  to  the  screw  is  to  the  pressure  exetted 
or  the  load  sustained,  as  the  interval  between  the 
adjacent  threads,  to  the  circumference  described  by 
tlie  point  of  impulsion. 

The  action  of  the  screw  may  be  rendered  far  more 
intense^  by  applying  to  it  the  principle  of  the  Daabk 
Capstan.  Suppose  a  hollow  screw  adapted  within 
a  firm  nut,  should  work  upon  an  exterior  screw  with 
a  finer  thread,  the  remote  end  of  this  would  evident- 
ly be  pushed  forward  at  each  revolution,  and  by 
the  difierence  only  between  the  intervals  of  the 
threads.  Such  an  instrument  was  proposed  by  the 
late  Mr  Hunter  to  be  applied  as  a  Jack^  for  the 
moderate  elevation  of  great  weights,  and  also  to  serve 
as  'a  delicate  micrometer. 

An  endless  screw,  working  in  the  teeth  of  a 
wheel,  has  its  power  multiplied  by  their  number. 
But  it  may  act  at  once  on  two  rachet  wheels  divided 
ahnost  alike,  the  difl^ence  in  breadth  between  the 
parallel  teeth  being  the  space  of  exertion.  By  such 
a  contrivance,  which  dso  reckons  the  revolutions, 
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the  mechanical  purchase  might  be  enlarged  to  any 
extent. 

The  coining'  engine  consists  of  a  screw  carrying 
ponderous  arms.  The  impulsion  accumulated  by 
the  swing,  produces  a  stroke  similar  to  the  Concen- 
trator of  Force  ;  but  the  violence  of  the  blow  is  soft- 
ened, and  the  shock  partly  consumed,  by  the  pro- 
longed friction  of  the  slanting  grooves  of  the  screw, 
by  which  the  stamper  advances  to  the  die. 

V.  The  Wedge,  is  sometimes  employed  iu  raising 
bodies,  but  more  commonly  in  dividing  and  cleaving 
them.  As  an  elevator,  it  resembles  exactly  the  in- 
clined plane,  for  the  action  is  obviously  the  very 
same,  whether  the  wedge  be  pushed  under  the  load, 
or  the  load  be  drawn  over  the  wedge.  But  when 
the  wedge  is  driven  forward,  the  percussive  tremor 
excited  in  the  block  destroys  for  an  instant  the  ad- 
hesion or  friction  at  its  sides,  and  augments  prodi- 
giously the  penetrating  effect.  From  this  principle 
chiefly  is  derived  the  power  of  the  wedge  in  rending 
wood  and  other  substances.  It  then  acts  besides  as 
a  lever,  insinuating  itself  into  the  cleft  as  fast  as  the 
parts  are  opened  by  the  vibrating  concussion.  To 
bring  the  action  of  the  wedge,  therefore,  under  a 
strict  calculation,  would  be  extremely  difficult,  if 
not  impossible.  Its  peculiar  operatiops  must  be  dis- 
covered by  experience.  All  the  various  kinds  of 
cutting  tools,  such  as  axes,  adzes,  knives^  chisels. 
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saws,  fAsmeSf  and  files,  are  only  dit^rent  inodifica^ 
tions  of  the  wedge. 

VL  The  Pulley  is  a  very  useful  auxiliary  in 
the  composition  of  the  genendity  of  machines.  In 
its  simplest  form  it  haa  already  heen  eonaidered  un- 
der the  head  of  Staties.  But  whatever  addition  is 
made  to  the  power  of  equilibrium  must  generate 
motion. 

The  Purchase^  however,  procured  by  the  various 
combination  of  puUeys,  may  be  computed  from  other 
jmnciples.  We  may  either  estknate  the  subdivision 
of  primary  strain,  or  compare  the  celerity  of  the 
weight  to  that  of  the  power.  Pulleys  occur  some- 
times singly,  but  oftener-  conjoined  in  blocks,  and 
then  they  turn  on  the  same  or  diflfei^nt  centres,  and 
have  their  diameters  either  equal  or  unequaL 

The  uraal  combination  is  represented  in  fig.  100. 
Suppose  9»  to  be  the  number  of  pulleys  in  each  block, 
the  weight  will  be  supported  by  Sf»  cords,  each  bear- 
ing an  equal  share.  The  last  moveable  cord  must 
therefore  suBtain]the  ^n'^  part  of  the  weight.  Such 
is  the  power  required  to  inaintain  the  equilibrium, 
and  conseqn^itly  the-  purchase  obtained  by  the 
bliN^s  is  3  99,  or  the  number  of  extended  folds  of 
cord. 

Tlie  principle  of  Virtual  Velocities  gives  the  same 
result.  For,  suppose  the  weight  to  rise  one  inch ; 
each  of  the  cords  would  slacken  an  inch ;  and  the 
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last  oae  to  whieh  the  power  is  afsplied,  would  be 
lengthened  2  n  inches.  The  power  i»  coosequently 
to  the  weighty  as  1  to  S  n. 

Jf  a  weight  be  attached  to  a  pulley  whkh  is  sup- 
ported by  a  cord  having  om  end  fastened  to  a  fix^ed 
obstade^  the  loose  end  will  evidently  suakoia  only 
half  of  the  weighty  or»  for  every  iikch  which  tlus 
weight  rises,  the  power  which  draws  it  upwards  will 
move  over  two.  But  instead  of  this  power,  we  may 
^ply  another  pulley  mounted  in  the  aaiue  wtty. 
(See  fig*  101.)  The  sustaining  power  will  now  be 
only  a  quarter  of  the  weight.  The  similar  a{q»Ucatioa 
of  a  third  pulley^  would  reduce  the  load  bonie  up^  to 
one'*eighth  part.  The  action  is  iixw  doubled^  by  each 
additional  pulley*  The  purchase  finally  obtained  in. 
this  system  of  pulleys  is  therefore  denoted  by  9*. 
The  line  of  tnu^tion  is  here  directed  upwards ;  but 
it  may  be  reversed  and  adapted  to  perpendicular  pres- 
sure, by  passing  the  loose  cord  ov«  a  fixed  pulley. 

Another  combina^on  of  puUiea  nmy  be  notiepd, 
which;  though  less  convenient,  has  still  gifeater  dSi- 
oacy«  In  this  system,  each  cord  is  fastened  to  the 
weight,  and  passing  over  a  pulley^  has  its  end  tied 
to  another  pulley.  (See  fig*  lOS.)  The  first  pulley* 
fixed  to  a  firm  obstacle*  m^elj  changes  th^direc« 
tion  of  the  force ;  but  the  other  pullies  in  sueeesr 
sion  greatly  augment  its  action.  Thus»  while  the 
wfetght  rises  one  inchi  the  moveable  pulley  will  sink 
wA  inch*  and  each  of  the  folds  of  the  cord  bent  over 
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it^  will  riicnrten  as  inujeli,  penoitting,  there&ce,  the 
seoond  moyaible  pulley  to  sink  three  inches.  This 
pidfey,  now,  by  its  descent,  lets  the  MAed  oord 
en  eadi.  to  iladben  ax  inches,  iriiich»  janed  to  the 
isttb  vriiich  the  nsreight  nsounts,  gives  7  isches  fisr 
the  shiftsag  of  die  third  moveable  pulley.  This, 
agsin,  giving  14  iB<^s  of  extension  to  its  adapted 
CMPd^  and  the  inch  domed  from  the  aaoent  of  the 
freight;  leaves  the  next  pulley  te  drop  15  indies. 
Wi^nffy,  one  noveafole  pidley  willt  in  this  way,  enable 
nne  pound  to  support  S  pounds  ;  two  moveable  pullies 
frill  ensUe  it  to  support  7  pomids ;  three  sudi  pul- 
lies will  angment  its  action  to  15  pounds;  and  a 
fiwurth  pnUoy  would  mal»  it  uphold  Si  pounds.  In 
gcsMral,  if  n  be  the  number  of  moveaUe  putties  com- 
bined in  tbis  manner,  die  purdiase  obtained  by  the 

system  will  be  denoted  by  2  ^  —  1. 

In  the  cemposition  of  machines,  at  is  often  requi- 
fed  to  augment  or  diminish^  in  a  givon  ratio,  the 
celerity  first  impressed.  TUs  object  is  ^fleeted  by 
amine  of  a  train  of  wheds,  put  in  motion  by  the  ap- 
ptigfltion  of  a  strap^  or  by  the  action  cf  engrained 
teeth.  It  is  essential,  however^  jtbat  die  force  should 
be  epcerted  porpendieular  to  the  impelling  suiftces. 
Let  A  (fig.  108.)  be  the  eentre  of  the  pnion  or 
anmUer  wheel,  which  drives  another  wheel  about  the 
centre  B.     Suppose,  first,  that  this  pinion  acts  upon 
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the  teetli  of  the  larger  ivheeU  merely  hf  hnpknted 
pins  or  cylinders  of  insensible  diometersi  either  per^- 
pendicular  to  its  plane  or  radiating  from  its  ceutm. 
The  point  E,  which  represents  one  of  those  jfivh 
must  therefore  meet  tlie  curved  surface  of  die  toodi 
DE  at  right  angles,  and  conseqnentiy  ^«ss  agmst 
it  in  the  direction  of  the  normal  C£.  But  the  right 
angle  C£A  is  contdned  in  a  semicircle,  and  he^ee 
the  curve  DE  is  only  a  portion  of  the  exCerk>r  e^- 
cycloidy  described  by  the  revolution  of  thodrele  AC, 
which  has  half  the  diameter  of  the  opinion,  about  the 
circumference  of  the  prittiiay  cirele.  fk^oduce  EC 
to  meet  BF  drawn  parallel  to  AE.  lie  force  with 
which  the  pinion  presses  against  the  toodi  at  E  has 
the  same  eSkct^  in  turning  tibe  wheel  about  thecmtre 
B,  as  if  it  acted  lipon  the  point  F ;  and,  being  pro- 
portional to  the  radius  AC,  it  urges  the  circuladon 
of  that  wheel,  by  an  energy  proportional  to  the  dis- 
tance BF.  But  AE  is  to  BF,  as  the  radius  AC  to 
the  radius  BC  ;  and  conaequently  iht  aquable  pres- 
isure  exerted  by  the  pinions  will  maintain  the  uniform 
circumvolution  of  the  wheel. 

• 

The  pinion  will  communieate  its  entire  impnision 
to  the  wheel,  evidently,  whether  it  acts  on  the  caa- 
cave  or  the  convex  surface  of  each  tooth.  In  the 
.  former  case,  it  must  turn  the  wheel  to  the  left ;  but 
in  the  latter,  to  the  right.  Its  action  is  in  eidier 
way  exerted  uniformly. 
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Suppose  now  the  piaioDi  instead  of  eoriTing  linear 
•dbould  be  armed  witb  thick  cylinders  or  spindles, 
a  >  fesm  of  oonstraction  which  give;  it  the  name  of 
LaMthoim^  TrumUe,  or  WaUawer.  Divide  the  dis- 
tanoe  AB  (fig*  1(H.)  between  the  centres,  into  seg- 
ments proportional  to  the  number  of  the  spindles 
and  «r  ^  teeth.'  and  AC  and  BC  will  be  the  pri- 
nfti^'indM  or  piieh4ines^  whose  circles  mark  by 
thrarjcoatact  the  paih  of  action.  Siixce  the  spindle 
mtiat  ptess  pei^endiov^rly  against  the  surface  of  the 
tooth,^  it  a  evidrat  that  the  line  OC  drawn  through 
the  oetttrr  O,  and  the  point  £  of  impulsion,  must  be 
a  ncmnal  to  •  the  curve.  But  the  centre  O  of  the 
spmdle  describes  the  <  are  GO  of  an  exterior  epicy* 
cloid,  and. consequently  the  tooth  is  only  a  pandlel 
curve,  duftad  baekwairds  by  an  interval  equal  to  the 
adittsOEorGD. 

Let  the  pinioxi  be  liimished  with  teeth  which  act 
upon  those  i^'^he  wheel.  The  line  of  pressure  EC 
(fig.  .KW.)  must  be  necessarily  perpendicular  to  both 
curves  at  their  point  of  contact  E.  Wherefore, 
idiile  the  tooth  DE  of  the  wjhe^  is  traced  by  the 
ntting  o£  a  ciiole  oa  the  outaide  of  the  circumference 
of  the  wheel,  the  tooth  GE>of  the  pinion  is  described 
by  the  nsiiohition  of  the  same  circle  within  the  dr* 
cumfevenee  of  the  ixmion.  The  corresponding  teedi 
are  thus  only  portions  of  an  exterior  and  an  interiAr 
epicycloid  generated  by  the  same  primitives.  The 
diamet^,  however,  of  the  revolving  dnde  is  left  in- 
determinate.    If  it  be  taken  equal  to  half  the  pinioakt 
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treated  in  the  same  i^y^  will  deBcribe  the  fonM 
which  are  capable  of  aconrate  •  contaet,  and  fitted 
therefore  to  commutiioate  the  fuii  enei^  cf  imptih 
sion. 

To  form  a  Templet  or  Pattern -Tttoth  for  wheels, 
the  easiest  mode  of  proceeding  »  by  means  of  a  me- 
chanical construction.  Let  a  smdl  segment  FCG 
(fig.  106.)  of  a  circle  denoted  by  the  pitch  lines, 
including  the  space  of  ali  least  two  teeth,  be  descri- 
bed on  a  smooth  boitrd,  whidi  is  then  acoumtely 
rounded  $  and  to  this  apply  a  correspMding  segment 
DC£  of  the  generating  circle^  beiffing  a  pencil  or 
tracer  at  D,  both  circumferences  being  rubbed  widi 
rosin  or  chalk  to  prevent  sliding.  The  point  D 
being  made  to  apply  at 'F,  letthe^ther  points  in 
DC£  be  successiTely  brought  in  contact  wi^  FGG  ; 
the  tracer,  as  it  recedes  from  D,  will  maik  out 
the  required  exterior  epicydoid  FD.  The  interior 
epicycloid  of  the  pinion  is  described  in  a  mnilar 
msnner,  only  the  generfting  circle  mutt  evidently 
lie-  less  than  the  circle  which  coiftains  it.  For  the 
sake  of  accoracy,  the  dimdar  sqimenta  may  o<maiBt 
<^  steel,  and  hai^  the  surfaces  divided  byfine  flni- 
tings. 

If  the  rolling  aic  DC£  belong  to  a  large  circle, 
the  portion  FD  of  its  ^epteydbid  will  not  differ  sen* 
sibly  from  the  erolnte  d*the  circle  of  which  FCG  is 
a  si^^ent.  This .  discnspancy  is  less  perceptible 
ivheni  the  teeth  are  snalk    in  ordinary  cases,  there- 
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fore»  it  will  be  Miffieieatly  Mcurate^  to  assume  the 
initial  part  of  ane  volute  of  the  prunary  ciirde  FCG 
for  the  form  of  tbei  teeth.  The  onrve  is  traced  by 
the  end  of  a  thready  as  it  unfolds  from  the  circum- 
ference between  F  and  6,  or  more  correctly  by  a 
fine  straight  saw,  applied  successively  along  the  arc 
FCG.  . 

But  a  moce  aoonrate  mode  of  constructioa  may 
be  deriv«d  from  the  pioperty.  that  an  epicycloid 
ia  the  evoluteof  a  similar  curve.  (See  Geometry 
of  Curve  lines,  p.  3?^.)  For  let  R.  and  r  he  the 
radii  of  the  fundamental  and  generating  circles ; 

and  it  follows,  from  Prop.  V,   that  >rp  |T  y*^^ 

will  denote  the  radius  of  curvature  at  the  beginning 
of  the  epicycloid.  Instead  of  R  and  r,  the  number 
di  teeth  of  the  wheel  and  half  of  those  of  the  pinion 
may  be  adopted^  as  having  the  same  ratio.  Fttid» 
by  calculation,  therefore,  C£  ("fig.  107*)  the  .value 
of  this  exptession,  and  from  £  describe  an  arc  CF, 
which  may  be  viewed  as  coincident  with  a  portion  of 
the  involute  of  the  exterior  epicyeloide  Unfold  a 
tkread.  or  fiae  steel  spring  from  CF,  and  its.extremi- 
ty  will  describe  the  tooth  CG. 

When  vdl  internal  epicycloid .  is  waittked,  the  ra* 
dins  of  curvature  of  its  openuig  involute  will  be- 
come — f!^  A  .  4nr.  The  point  E  will  hence  lie 
without  the  fiiadameptal  circle,  and  the  evohrtion  of 
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die  arc  CF  (fig.  108*)  wiU  now  produce  an  ifitemal 
tooth  CG. 

If  the  genentitig,  had  half  the  diameter  of  the 

finkUmentaly  circle  the  vtdhis  of  the  involute  for 

3 
the  exterior  epicycloid  would  be   -r,   but  infinite 

for  the  interior.  In  the  latter  case,  the  first  part 
of  the  invohtte  becomes  a  stnu^.  line^  the  evo- 
lution of  whidh  traces  a  pf  rpradicular,  the  teeth 
here  being  only  Ae  eiitentkies  of  the  sevond 
diameters*    Let  R  s:  5  r^  and  the  vadii  of  the  uoh 

48 

ner  and  outer  involutes  will  be  -rz  ^  and  24  r  ;  and 

as 

so 

they  will  become  ^  r  and  12  r,  when  Rz=4r. 

It  would  be  eaisy  to  give  an  approximative  geome- 
trical construction.  Bi&ect  CB  (fig.  1090  ^  ^f  ^^ 
make  AH  :  CB  :  :  AB  ;  CI^  and  CB  7  A€  :  :  CI 
:  C£,  from  £  describe  the  small  arc  CF,  and  in  it 
assume  any  points  IC,  L^  .&c  either  equidistant  M 
Iffought  closer  together  as  they  approach  to  F;  From 
these  points,  desmbe  the  suoeessive  sores  CM,  MN« 
NO,  Apc.9  which  will  nearly  coilesoe  into  the  fiwm  of 
a  tooth,  and,  if  necessary,  tiieir  junctions  may  bd 
somewhat  rosmded. 

If  the  firadttnental  circle  be  indeiBitcly  latge,  its 
civcumference  will  become  a  straight^  line,  and  the 
epicycloid  will  pass  into  the  common  cycloid.  Hence 
the  mode  of  tracing  the  initial  portion  of  this  cnrve, 
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which  smsts  the  form  of  cams.  Ijet  CP  (iig.  110«) 
be  the  path  of  rotation,  Mid  A  the  centre  of  the  ge* 
neratmg  circle  ;  make  C£  equal  to  twice  its  diame- 
tar,  from  £  describe  aaarc  CF,  in  which  asmme  any 
tioiiita,  and  from  these  deaeribe  the  minate  bic$  CL, 
LM,  MN,  &c.  terminated  by  the  successive  tangents 
IL,  KM»  FN,  &c.  The  cou^Kmod  arc  CP  wiU,  for 
a  considroable  qiace,  scaroely  di£Ser  from  a  cycloid. 

.  In  crown  wheels-  and  bevelled  geer,  the  faces  of 
tke  teeth  must  be  all  tapered,  as  if  they  proceeded 
from  a  common  centre.  The  pinion  may  be  consi- 
dered as  a  portion  of  a  cone,  which,  rolling  along 
the  horizontal  rim  of  the  wheel,  traces  the  contour 
of  the  teeth,  by  describing  a  modified  epicycloid* 
The  same  general  {Noncifdes  will  indicate  idl  the  va- 
nations. 

It  is  of  practical  consequence  that  the  teeth  of 
wheels  should  be  all  equally,  worn.  In  thrir  mutual 
eon^prcss,  ther^ore,  they  ought  td  produce  a  series 
di  the  most  divers^ed  contacts*  To  ^ect  this  ob^ 
jeet,  the  numbers  of  teeth  in  libe  pinion  and  the 
wfaedi  must  be  as  discordant  as  pos^e.  If  ^e  one 
were  any  aliquot  part  of  the  other,  the  same  inces^ 
sant  coinc^encewonld  soon  recur,  occasioning  ft  par^ 
taal  and  disproportionate  attrkiOB^  Prime  nundbers 
shovld  be  preferred ;  and  the  larger  diey  itf^^  the 
smoother  will  the  wheels  work.     The  odd  tooth  m 
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*  the  pinion  is  hence  by  our  mill^wrights  rery  appo-* 
sitely  called  the  hunHng  egg. 

The  effects  produced  by  machines  are  extremely 
diversified.  To  Qxt^nd  action  to  a  distance^  or  to 
divert  its  direction ;  to  reduce  or  multiply  the  cderity^ 
impressed ;  to  modify  an  uniform  progression  into  an 
accelerating  or  retarding  one  ;  ta  maintain  a  paral* 
lei  motion ;  to  change  a-rectilineal  into  a  circular  mo^ 
tion,  and  the  reverse ;  to  convert  a  reciprocating  play 
into  a  constant  circulation  or  equable  rectilineal  flow ; 
— these  are  a  few  of  the  objects  generally  aimed  at. 
Pressure  is  conveyed  to  any  distance,  by  a  system  of 
parallel  levers,  supported  at  certain  intervals,  the  ex- 
tremities of  their  arms  being  connected  by  a  tra^n  of 
beams.  The  direction  of  any  power  is  easily  dian-- 
ged,  by  means  of  a  crank  or  bent  lever.  The- same 
contrivance,  aided  by  the  action  of  a  fly,  converts  a 
reciprocating  into  a  circular  motion.  This  effect  is 
likewise  produced. by  a  rack,  woridng  alternately  on 
the  opposite  sides  of  a  toothed  wheel.  The  oderity 
is  modified  at  pleasure,  by  affixing  to  the  axle  solid 
blocks,  sometimes  called  hmrt  wheebf  (see  fig.  990 
and  fashioned  like  spiral  or  ecc^ibric  curves.  These 
lines  may  be  traced  with. such  a^ouraoy  as  to  evolve 
the  precise  success^cm  of  impulse  required.  But  all 
the  transitions  shouldt  if  possSile,  be  gradual,  any 
sudden  change  occasioning  a  c(mieussioii  which  wastes 
the  force,  and  tends  to  disjoint  and  shatter  the  parts 
of  the  machine. 
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The  nMt  degoM  mode  of  tmnsmitting  forc6  in  any 
tftirection,  is  by  a  contrivanee  termed  the  Universal 
^JtAnt.  (See  %«  111.)  Instead  ef  the  eross,  a  ring 
or  a  .ball  is  often  prefefi^.  !l^it  the  angnlar  motion 
eommunieated  in  this  way  is  not  quite  equable,  and 
becomes  even  in^gular  in  the  case  of  great  obliquity. 
By  douUing^  however,  the  eombination  of  axes,  as 
in  fig.  11@,  the  impression  may  be  turned  aside  al* 
most  into  an  opposite  direction,  and  niay  be  render* 
ed  uniform,  by  a  compensation  of  irregularities. 

An  alternate  motion  is  beautifully  converted  into 
a  revolving  one,  by  a  vertical  rod  which  carries  affix- 
ed to  it  a  wheel  indented  to  another  wheel  of  the 
«me  size.  The  central  wheel,  describing  at  each 
reciprocMion  a  double  circumference,  must  turn  twice 
round.  Hm  meehsnism  is,  from  ^  vagiie  analogy, 
ealbd  the  jSWh  mid  J^nei  Wheel. 

A  reciprocating  beam  can  be  made  to  raise  and 
dcfressarodvefy  nearly  in  a  vertical  Kne,  by  means 
of  a  regulated  parallelogram.  Thus,  C  (fig.  113.) 
being  the  centre  of  the  beam,  let  an  arm  BE  turn 
About  the  firm  joint  B,  and  gnide  the  end  £  of  the 
parallelogram  ADEF ;  if  CD  be  taken  a  mean  pro^ 
poftional  to  AD  and  BE,  the  other  end  F,  carrying 
the  rod  ol  a  piston,  will  travel  in  a  path  which  is 
▼ery  nearly  rectilineal  and  perpendicular.— ^These 
two  fine  contrivances  were  happily  combined  in 
.   Vfdtfs  Steam  Engine. 

VOL.  I.  o 
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The  efficacy  of  any  complex  machine  is  genendiy 
computed  from  the  statical  relation  of  the  power  M 
weight  to  be  raised^  This,  howpver,  is  merely  th^ 
proportion  whieh  would  mainlain  a  state  of  quiesf 
cence ;  and  to  produce  actual  motion,  it  requires  the 
application  of  more  force.  Nor  does  the.  velocity 
thus  created  correi^nd  to  the  simple  ratio  of  the  ad- 
ditional power,  but  follows  amodifiedandmuch  slower 
law  of  increase.  The  performaiioe  relatively  becomes 
greatest,  when  tjie  force  exerted  has  attained  a  cer- 
tain limit  of  intensity.  It  is  of  the  utmost  conse- 
quence, therefore,  in  the  eoonomy  of  machiites,  to 
approximate  at  least  to  this  measure  of  advantageous 
exertion.  But  the  problem  involves  so  many  and 
such  intricate  considerations,  that  theory  can  seldom^ 
furnish  a  direct  solution^  and  requires  all  the  aid  of 
experience.  I  shall  select  only  4wo  jnrtaBces  illus- 
trative of  the  general  princi}rfe ;,  the  first,  relating  to 
the  Wheel  and  Axle,  and  the  next  to  the  Inclined 
Plane. 

I.  Let  it  be  required  (fig.   114.)  to  find  tbe 

radius  OB  of  a  circle,  from  whose  oircumfeseiiee 

the  descent    of  an    appended   weight    shall  raise, 

with  the  greatest  possible  celerity,    another  equal 

weight  attached  to  a  given  circle  AC  fixed  on  the 

same  axis.      These  weights  being  each  of  them 

regarded   as   unit,    the    force  at   B   which  would 

OC 
maintain  the  equilibrium,   is  denoted  by  tt^,  and 
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Consequently  the  inciting  force  by  7^5.     But,  both 

circles  '  being  supposed  denroid  o£  weight  and  ha- 
mng  tlte  iaue  angular  motioii,  tlm  iMiive  poi^ 
will  be  sh*ved  aa  the  velocity  of  OC*  to  0B%  and 
therafore  the  acceleration  of  the  weight  from  B  is 

CB  |^_OB*      ^  _     C&OB         c    1,  .    .1, 
OB  \OB*+OCO  -  0B/+OC*"     ^"^^  ''  ^^^ 

Telocity  generated  at  that  point,  and  consequently 
the  velocity  at  A  must  be  ATia^/\/s>  *  This  ^x- 
{M'ession  is  hence  a  fnaadwum^  or  its  reciprocal 
-  >^|w\p  a  minimum.  But  for  OB*,  substitut- 
ing (CB + OCy,  it  becomes  ^jp  +  2  +  -prf    Omit- 

ting)  therefore^  the  constant  number  %  and  nrak 
t^lying  the  rest  by  OC,  which  ia  Kkewise'  a  comv 

2GC* 

stant  quantity,  and  the  result  CB+    p-p     must  he 

a  minimum.  Let  OC  (fig.  115.)  and  20C  to- 
gether, foite  the  diameter  of  a  cirele,  and  draw 
the  chord  BCF  ;  it  is  evident  that  the  reotangle^i 

BC.CF  =  0C.20C  =  20C%   and  CF  =  ^^. 

Wherefore,  BCF  is  the  shortest  chord  pasamg 
through  C ;  it  consequently  approaches  nearest  to 
the  centre  6,  and  must  be  perpendicular,  to  GC 

o  2 
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or  to  the  diameter  0£.  Hence  BC=CF,  and 
BC*=20C*,  or  BC=OCv/  2. 

In  aj^roximative  nmnbers,  therefore,  OC  b^ 
mg  reckoned  5,  CB  will  be  7f  mcl  OB  18.    The 

accelerating  force  exerted  at  B  is  —  .  jjf^  =  ^^,  or 

very  nearly  half  the  power  of  gravity  ;  but  tl^is  aiv 
tion  would  cause  the  weight  from  A  to  mount  only 

^T^r.S  feet,  or  40  inches  in  a  second. 
12 

3.  Suppose  a  weighty  acting  over  a  pulley  at  A 
(fig.  1 16.),  to  be  just  sufficient  to  support  a  load  on 
the  inclined  plane  AC ;  it  is  required  to  substitute 
another  more  sloping  plane  AD,  along  which  this 
load  would  be  drawn  or  made  to  rise  from  the  level 
DB  to  the  elevation  A,  by  the  same  power  and.  j« 
^  shortest  time  possible^  The  ur^ng  wei^t 
being  reckoned  unit,  the  load  which  it  sustains 

AC 

on  the  plane  AC  will  be  denoted  by  -r^;  but 

this  load,  transferred  to  tihe  plane  AD,  would  he 
held  at  rest  by  a  weight  or  vertical  force  expiressed 

by  "XTT .  -™,  or  -j^.  The  excess  of  weight  en- 
gaged in  producing  the  compound  motion,  is  there^ 
fore y*r — ,  or  -xry  AE  being  cut  off  equal  to 

AC.  This  force,  communicating  equal  velocities  to 
the  load  and  the  primary  weight,  must  be  shared  be- 
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tweeu  them  according  to  their  respective  masses* 
But  these  remaining  constant,  the  accelerating  power 

IB  both  is  propovtiiiiial  to  -7^.    Now,  since  the 

^oce  described  is  as  this  force  multiplied  into  the 

square  of  the  time,  the  load  will  be  carried  from  D 

to  A  in  the  shortest  time,  when  AD  divided  by 

DE        AD*   :  ^  .p 

All*  ^^  "TVF"'  ^*  *  tntntmum*     Suppose  Ai?  were 

made  equal  to  £A,  and  DG  found  a  third  propor- 
tional to  DE  and  DA ;  while  £A  is  given,  the  point 
D,  and  hence  G  must  in  its  extension  be  assigned^ 
so  that  DG  shall  have  the  least  possible  extent  By 
diroion,  DE  :  DA  :  :  EA  :  AG,  and  DE  :  EA: : 
£A :  FG ;  consequently,  the  rectangle  DE^  FG,  bet 
ing  equivalent  to  the  square  of  £  A,  is  constant.  But 
£F,  or  the  double  of  E  A,  is  likewise  constant ;  and 
tfaerefore,  the  sum  of  those  extreme  segments  DE 
and  FG  must  be  the  least  possible.  As  they  cook 
tain  a  given  space  within  the  shortest  perimeter,  they 
must  consequently  form  a  square,  and  thus  DE, 
EA,  AF,  and  FG  are  all  equal.  Wherefore  AD, 
the  length  of  the  plane  required,  is  double  of  AE 
or  AC. 

Suppose  BA  were  3  feet  and  AC  5  feet,  one 
pound  suspended  vertically  would  support  1|  pounds 
leaning  upon  AC ;  but  this  load,  when  trwsfeired 
to  AD,  which  is  10  feet,  would  be  upheld  by  half  a 
pound,  and,  consequently,  the  remaining  half  pound 
must  supply  the  accelerating  force.     The  energy  ex- 
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erted  is  therefore  ;;.^  =  t2>  and  the  load  would  be 

2  8      16 

drawa  from  D  to  A,  or  lifted  wertically  in  ^ -^ 

seconds,  or  1,825''.     The  direct  action  of  gravity 
would  have  produced  the  same  effect  in  .433''. 

But  such  investigations  are  unfortunately  render- 
ed in  a  great  measure  superfluous,  by  those  unavoid- 
able imperfections  which  are  incident  to  all  machines. 
A  very  large  portion  of  the  force  applied  is  in  most 
cases  consumed  by  the  various  obstructions  which  it 
has  to  encounter  during  the  course  of  its' transmission* 
The  resistance  of  the  air  causes  a  certain  retardation ; 
but  the  chief  impediment  arises  from  the  rubbing  or 
attrition  of  the  surfaces  which  come  incessantly  into 
contact.  Most  solid  bodies,  when  brought  close  to- 
gether, are  disposed  to  cohere  mutually,  and  with 
various  degrees  of  tenacity.  This  peculiar  force,  be- 
ing exerted  perpendicular  to  the  surface  of  contact, 
can  evidently  have  no  influence  whatever  in  impe- 
ding a  lateral  traction.  But  all  substances  appear  to 
possess  likewise  a  certain  adhesive  property,  which 
opposes  any  change  of  mutual  contact,  and  retards 
even  the  horizontal  passage  of  one  plane  along  an- 
other. This  latent  obstructing  power  constitutes 
JFricticnf  which  has  such  extensive  influ^oe  in  di- 
minishing the  performance  of  all  machinery.  The 
eflfect)  however,  is  much  diversified,  according  to  cir« 
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eumstances,  and  can  be  discovered  in  any  particular 
case, '  only  by  experiment^!  conducted  in  a  scale  of 
sufficient  magnitude. 

llieiie  are  two  general  modes  of  exploring  the  na- 
ture and  operation  of  Friction.  The  first  ascertains 
the  weight  required  to  draw  a  body  under  the  pres- 
sure of  a  given  load  along  the  horizontal  surface  of 
another.  The  second  method  is  still  simpler,  and 
consists  merely  in  raising  the  end  of  the  upper  plane 
till  it  acquires  the  declination  at  which  the  succum- 
bent  load  begins  to  slide.  This  extreme  declination  is 
hence  called  the  Angle  of  EgmUbrium,  Quiescence^ 
or  Sepose.  Let  CA  (fig.  3d.)  represent  the  position' 
of  the  plane  at  the  moment  the  load  slips  from  its 
place.  If  the  vertical  FD  represent  the  weight,  FE 
will  express  the  perpendicular  pressure  sustained  by 
the  plane,  and  0£D  must  denote  the  corresponding 
friction,  which  is  just  balanced  here  by  the  tenden- 
cy to  desceAd.  Wherefore,  the  Pressure  is  to  the 
Friction,  as  F£  to  ED  or  as  AB  to  BC,  that  is,  as 
radius  to  the  tangent  of  the  angle  of  repose. 

These  two  modes  of  experimenting,  however,  will 
seldom  give  precisely  the  same  results.  Most  bodies 
require  a  greater  force  to  pull  them  from  their  con- 
tact, than  what  is  afterwards  sufficient  to  maintain 
their  adhesive  progression.  But  the  obliquity  of  the 
plane  of  descent  evidently  marks  only  the  initial  ob- 
struction, and  not  the  subsequent  enfeebled,  yet  un- 
ceasing, action  of  Friction. 
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Tbu^  if  the  plane  CA  were  a  pine  board,  upon 
which  is  laid  a  block  of  oak  with  a  smooth  gurfaoe» 
it  may  be  elevated  to  an  acclivity  of  SO  degrees  be« 
fore  it  disengages  its  load.  Biit  should  the  angle 
of  declination  exceed  only  10  degrees,  on  striking 
the  side  of  the  plane  with  a  smart  blow,  the  oaken 
block  will  start  from  its  seat,  and  then  glide  down^* 
wards*  While  the  plane  retains  this  lower  inclina^ 
tion,  the  load  will  not  rest,  on  being  again  replaced,, 
unless  it  be  a  few  seconds  held  in  contact. 

It  was  inferred  from  the  earlier  observations,  that 
Friction  is  a  constant  retarding  force,  proportioned 
^  nearly  to  the  pressure,  but  commonly  varying  iron 
the  third  to  the  sixth  part  of  this  quantity.  In  po^ 
lished  freestone,  it  exceeds  the  half  of  the  pressure, 
and  the  rough  surface  of  bricks  augments  it  to  three- 
fourths.  This  great  obstruction  oontributes  mpst 
essentially  to  the  stability  of  arches  and  vaults*.  > 

A  body  subjected  to  no  obstruction  will  desceadf 
it  was  demonstrated,  in  the  same  time,  through 
any  chord  to  the  lowest  point  of  a  vertical  circle. 
But  even  when  retarded  by  the  influence  of  friction, 
it  will  yet  slide  down  equally  through  the  chords  of 
a  certain  determinate  arc.  For  the  whole  weight  be- 
ing represented  by  CF  (fig.  95'.),  the  pressure  on 
the  oblique  plane  AF  is  denoted  by  AC,  and  con- 
sequently the  measure  of  the  friction  by  AM,  a 
definite  portion  AC.  The  remaining  force  of  ac- 
celeration is  hence  expressed  by  MF,  which  will  be 
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deacribed  under  the  attrition,  in  the  woe  time  that 
AF  is  traced^  by  a  free  descait.  But  the  sides  AC 
and  AM  of  the  right  angled  triangle  CAM  having  a 
given  ratio,  that  triangle  is  given  in  species ;  conse- 
quently the  angle  AMC  is  given,  and  likewise  the 
exterior  angle  CMF,  which  must  therefore  be  con- 
tained in  a  given  segment  of  a  circle.  The  body 
would  hence  slide  down  the  planes  MF  or  PF,  in  the 
time  that  it  would  have  fallen  directly  from  C  to  F. 
It  likewise  follows  that  the  tangent  NF  to  the  arc 
AMF  will  mark  the  position  of  the  plane  of  repose. 


The  angle  of  repose  often  determines  the  con* 
tour  of  natural  oIgects»  Thus,  fine  sand  slides  more 
easily  than  ordinary  mould,  and  hence  sand-hflls 
have  generally  a  softer  ascent  than  the  grassy  flanks, 
of  mountains.  The  latter,  without  being  broken 
into  precipices,  may  rise  at  an  angle  of  40  degrees  ^ 
but  the  former  will  seldom  support  an  acclivity  above 
^  degrees.  Again,  the  angle  of  repose  of  iron  press-^ 
ing  upon  iron  being  16  d^;rees,  if  the  threads  or  spi-^ 
rals  of  a  vice  wind  closer  than  this  inclination,  the 
screw  must  hold  at  any  place  to  which  it  is  carried^ 

By  removing  the  visible  asperities  from  the  sur-^ 
faces  of  bodies,  their  mutual  attrition  is  diminished. 
But  any  higher  polish  than  what  merely  prevents  ^ 
the  grinding  and  abrasion  of  the  protuberant  particles, 
has  no  material  effect '  in  reducing  the  measure  of 
Friction.  Other  peculiar  circumstances  appear  to 
have  more  extensive  influence^ 
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The  experiments  on  Friction  which  Coulomb 
made  between  the  years  1779  and  178 1,  being  de- 
vised with  ingenuity,  performed  with  great  care,  and 
executed  on  a  large  scale,  are  the  most  original,  and 
by  far  the  most  important  that  have  been  made. 
His  general  method  was  to  draw  a  sort  of  sledge, 
mounted  on  different  sliders  and  variously  loaded, 
along  a  large  horizontal  bench,  fitted  likewise  with  cor- 
responding slips  of  wood  or  metal.  This  sledge  was  ei- 
ther allowed  to  rest  a  certain  time,  or  it  was  instantly 
put  into  motion.  Some  idea  of  the  diversified  results 
maybeconceived,  by  referring  them  to  a  common  stan- 
dard of  comparison.  Assuming  the  pressure  as  equal 
to  5ne  hundred  parts ;  the  friction  of  oak  against  fir 
was  66  in  the  direction  of  the  fibres,  but  amounted 
only  to  16  when  moved  with  the  velocity  of  a  foot 
eax^h  ^cond.;  the  friction  of  oak  against  oak,  in  the 
direction  of  the  fibres,  wa$  4^,  and  acros§.  them  on- 
ly  27f  the  eSkd.  being  still  reduced  by  motion  to  10.; 
the  friction  of  fir  against  fir,  in  the  direction  of  the 
fibres,  wa^  56,  which  sunk  to  17  during  mption  ; 
the  inction  of  elm  against  elm,  in  the  direction  of 
the  fibres,  was  46,  which  motion  reduced  to  10  ;  the 
friction  of  copper  upon  oak  was  lengthwise  18,  and 
only  8  when  kept  in  motion ;  the  friction  of  iron 
upon  oak  was  28,  and  diminished  during  motion  to 
.11.  But  the  mutual  friction  of  metals  appeared  in 
general  to  be  less  affected  by  motion.  Thus,  iron 
against  iron  had  its  friction,  in  passing  from  rest  to 
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motion,  diminished  only  from  28  to  25  ;  again,  the 
friction  of  brass  upon  iron,  which  reached  25,  was 
contracted  by  motion  to  I7. 

The  application  of  grease,  soap,  or  other  soft  lini- 
ments, to  the  rubbing  surfaces,  generally  diminishes 
the  friction,  though  in  very  difierent  degrees.  Oak, 
fresh  greased,  has  its  friction  upon  oak,  only  depress- 
ed from  45  to  43 ;  but  this  yvas  reduced  to  26,  af- 
ter the  tallow  had  been  thoroughly  imbibed  into  the 
wood  and  leA  a  glossy  smoothness.  The  greasing 
of  the  surfaces  of  copper  and  iron  reduces  their  fric- 
tion to  10. 

When  a  coat  of  tallow  is  applied  to  metals,  the 
friction  attains  almost  instantaneously  its  limit.  But 
the  different  sorts  of  wood,  treated  in  the  same  way, 
sa£B3r  a  slow  change  in  the  condition  of  their  sur- 
faces, which  continues  for  a  considerable  time  to  aug* 
ment  the  intensity  of  friction*  A  piece  of  greased 
oak,  the  moment  it  is  laid  upon  another,  is  drawn^ 
with  a  force  of  4,  but  would  have  this  friction  aug- 
mented in  three  seconds  to  10,  in  one  minute  to  16, 
in  two  hours  to  28,  and  in  the  space  of  five  or  six 
days  to  44.  The  friction  of  wood  against  metal  in- 
creases likewise  during  a  sensible  time.  A  closer 
approximation  of  surfaces  must  evidently  be  produced 
by  some  gradual  process,  which  is  enfeebled  by  the 
softness  of  the  substance  impressed.  Hence  the  fric- 
tion of  wood  is  greatly  diminished  by  rapid  motion, 
while  that  of  metals  continues  with  very  little  alter- 
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ation^  whether  they  be  drawn  along  slowly  or  ex- 
tremely  fast. 

Tliis  gene'ral  view  of  the  phenomena  of  Friction 
affords  a  glimpse  of  its  origin.  Matter,  however 
passive  to  external  impressions,  is  not  strictly  inert. 
Its  attractive  and  repulsive  enei^es,  modified  only 
by  the  mutual  distance  of  the  particles,  are  inces* 
santly  in  action,  and  produce  varied  effects  and  in 
different  times'*  Nor  are  such  operations  confined 
to  the  substances  commonly  termed  chemical ;  they 
occur  to  a  certain  extent,  though  more  concealed 
from  observation,  in  other  bodies  which  manifest  no 
peculiar  signs  of  activity.  '<  Nature  speedily  extin- 
guishes every  motion  upon  earth,  and  seems  to  diffuse 
a  principle  of  silence  and  repose  ;  which  made  the 
ancients  ascribe  to  matter  a  sluggish  inactivity,  or 
rather  an  innate  reluctance  and  inaptitude  to  any 
change  of  place.  We  shall  perhaps  find,  that  tlm 
prejudice,  like  many  others,  has  some  semblance  of 
truth ;  and  that  even  dead  or  inorganic  substances 
must,  in  their  recondite  arrangements,  exert  such 
varying  energies,  so  like  sensation  itself,  as  could 
not  fail,  if  completely  unveiled  in  our  sight,  to  strike 
us  with  wonder  and  surprise. 

"  When  one  solid  is  drawn  along  another,  if  the 
opposing  surfaces  be  rough  and  uneven,  there  ia 
a  necessary  waste  of  force,  occasioned  by  the  grind- 
ing and  abrasion  of  their  prominences.  But 
Friction  subsists  after  the  contiguous  surfaces  are 
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Woiktd  down  as  r^ular  and  smooth  as  posaS^ 
In  fact,  the  mo6t  elaborate  polish  can  op^ttte  no 
other  change  than  to  diminish  the  size  of  the  na- 
tural asperities.  Xhe  surface  of  a  body,  being 
moulded  by  its  internal  structure,  must  evidently  be 
AuTowedy  or  toothed,  or  serrated ;  and  such  is  the 
information  derived  from  close  inspection  with  the 
Microscope.  Friction  is,  therefore,  commonly  eX' 
plained  on  the  principle  of  the  inclined  plane,  from 
the  effort  required  to  make  the  incumbent  weig'ht 
mount  over  a  succession  of  eminences.  But  this  ex- 
plication, however  currently  repeated,  is  quite  in- 
sufficient. The  mass  which  is  drawn  along  is  not 
continually  ascending ;  it  must  alternately  rise  and 
£dl»  for  each  superficial  prominence  has  a  corre- 
epondii^  cavity ;  and  since  the  horizontal  boundary 
of  contact  is  supposed  to  be  horizontal,  the  total  ele^ 
vtttion  will  be  equal  to  their  collateral  depressions. 
CSonsequently,  though  the  actuating  force  might  suf- 
fer a  perpetual  diminution  in  lifting  up  the  weight,  * 
it  would,  the  next  moment,  receive  an  equal  increase 
(yy  lettiag  it  down  again  ;  and  those  opposite  effects, 
destroying  each  other,  would  have  no  influence  what- 
ever on  the  general  motion. 

^'  Adhesim  appears  still  less  capable  directly  of 
explaining  the  source  of  Friction.  A  perpendicu* 
lar  force  acting  on  a  solid,  can  evidently  have  no 
effect  to  impede  its  advance ;  and  though  this  late-^ 
ral  force,  owing  to  the  unavoidable  inequalities  of 


SS&  EliEMENTS  OF 

contact^  must  be  subject  to  a  certain  irregular  obli- 
quity, the  balance  of  chances  must  on  the  whole  have 
the  same  tendency  to  accelerate  as  to  retard  the  mo>- 
tion.  If  the  contenninous  surfaces  were  hence  te 
remain  absolutely  passive,  no  Frietion  could  ever 
arise.  Its  existence  betrays  an  unceasing  mutual 
change  of  figure,  the  opposite  planes,  during  the 
passage,  continually  seeking  to  accommodate  them- 
selves to  all  the  minute  and  accidental  varieties  of 
contact.     The  one  surface,  being  pressed  against  the 

•  other,  becomes,  as  it  were,  compactly  indented,  by 
protruding  some  points  and  retracting  others.  This 
adaptation  is  not  accom|Jished  instantaneously,  but 
requires  very  different  periods  to  attain  its  nuiximum^ 
according  to  the  nature  and  relation  of  the  substan- 
ces concerned.  In  some  cases,  a  few  seconds  are 
sufficient ;  in  others,  the  full  effect  is  not  produced 
till  after  the  lapse  of  several  days.  While  the  in- 
cumbent mass  is  drawn  along^  at  ev^  stage  of  its 
progress,  it  changes  its  external  configuration,  and 
approaches  more  or  less  to  a  strict  contiguity  with 
the  under  surface.  Hence  the  effort  required  to 
put  it  first  in  motion,  and  hence  too  the  decreased 
measure  of  Friction,  which,  if  not  deranged  by  ad^ 
ventitious  causes,  attends  generally  an  augmented 
rapidity. 

"  Friction,  then,  consists  in  the  force  expended 
in  raising  continually  the  surface  of  pressure  by  an 

oblique  action.     The  upper  surface  travels  over  a 
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]»erp6bual  system  of  inclined  planes ;'  but  the  s^tem 
is  ever  changiiig,  with  alternate  inTersion.  In  this 
act»  the  incumbent  weight,  makes  incessant^  yet  un« 
availing  eSorts  to  asicend ;  fof  the  moment  it  has 
gained  the  summits^  of  the  superficial  prominences, 
these  Bink  down  beneath  it«  and  the  adjoining  cavities 
start  up  into  devations  presenting  a  new  saies  of  ob-i 
stacles  which  are  again  to  be  surmounted ;  and  thus 
the  labours  of  Sisyphus  are  realized  in  the  phenome- 
na of  Friction. 

,  "  The  measure  of  friction  must  depend  merely 
upon  the  angles  of  the  natural  protuberance,  which 
are  determined  by  the  elementary  structure  or  the 
mutual  relation  of  the  two  approximate  substances. 
The  effect  of  polishing  is  only  to  diminish  those  as* 
parities  and  augment  their  number,  without  altering 
in  any  req^ect  their  curvature  or  inflexions*  The 
constant  or  successive  acclivity  produced  by  the  ev^- 
varying  adaption  of  th^  contiguous  surfaces,  re- 
0iains  therefore  the  9ame,  and  consequently  the  ex- 
pense  of  forqe  will  still  amount  to  the  same  isbare  of 
tile  pressure.  The  intervention  of  a  coat  of  oil, 
aoap,  or  tallow,  by  readily  accommodating  itself  to 
the  variations  of  contact,  must  tend  to  equalize  it, 
^nd  therefore  must  lessen  the  angles,  or  soften  the 
contour  of  the  successively  emerging  prominences, 
and  thus  diminish  likewise  the  friction  which  hence 
results  *." 

♦  Experimental  Inquiry  into  the  Nature  and  Propagation  of 
Heaty  pp.  298-303. 
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The  Theory  now  quoted  is  the  result  of  strict  in> 
duction,  and  seems  quite  accordant  with  all  the  ob- 
servations hitherto  made  on  the  subject  of  Friction* 
This  obstructing  power  must,  in  the  attrition  of 
the  same  surfaces,  be  proportional  to  the  pressure, 
tince  a  certain  share  of  the  incumbent  weight  is  re- 
quired to  surmount  the  prominences  or  natural  ac* 
elivities  which  rise  in  perpetual  succession  along  the 
range  of  contact.  But  the  friction  becomes  sensibly 
tliminished,  if  the  surface  in  action  be  reduced  to  the 
smallest  dimensions.  Thus,  while  the  friction  of  a 
ruler  of  brass  against  a  similar  one  of  iron^  is  ex» 
pressed  by  S6 ;  it  was  found  to  be  only  17>  after  the 
sledge  had  been  mounted  upon  four  round-headed 
brass  nails.  The  reason  of  this  diminution  appears 
to  be,  that  the  contact  is  not  so  close,  when  the  nails 
are  drawn  along  the  iron  surface,  the  great  convex* 
ity  towards  the  edges  being  less  affected  by  the  pro* 
jecting  eminences.  The  same  consideration  will  ex- 
plain the  diminished  friction  of  an  axle  against  its 
box.  Thus,  an  iron«>axle  turning  in  a  brass  socket 
has  its  friction  reduced  from  S6  to  16,  or  lessened 
by  more  than  one<-third  part.  The  curvature  of  the 
axle  produces  nearly  the  same  effect  as  the  softening 
'  of  the  natural  acclivities  of  its  box.  Hence  tiliis  pe* 
culiarity  of  loose  contact  is  lost)  if  a  coat  of  tallow  be 
interposed.  When  fresh  greased,  the  friction  be» 
tween  the  axle  and  socket  is  9,  the  same  as  in  the 
case  of  plane  surfaces*     So  likewise  axles  of  lignum 
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•Title  running  in  boxes  of  oak  or  elm,  have  only  a 
friction  from  3  to  4,  but  increased  to  6  after  the 
unguent  is  nibbed  off. 

In  the  mutual  contact  of  metals,  the  friction 
attains,  almost  instantaneously,  its  maximum.  But 
when  metal  rubs  gainst  wood,  or  one  piece  of  wood 
against  another,  the  friction  always  augments  by 
resting,  and  reaches  not  its  full  measure  till  after  the 
lapse  of  some  portion  of  time.  The  duration  of  this 
progressive  increase  appears  to  depend  on  certain  pe- 
culiar circumstances,  but  chiefly  on  the  pliancy  of  the 
conterminous  surfaces.  Two  pieces  of  wood  acquire 
tlie  utmost  friction  in  the  lapse  of  ah  hour  or  two  ; 
ivhile  iron  laid  upon  oak  will  have  its  friction  still 
augmenting  for  the  space  of  five  or  six  days*.  The 
application  of  a  coat  of  tallow  seems  to  protract  the 
limit  of  friction.  This  limit  is  attained  by  the  grea- 
sed surfaces  of  iron  and  copper  in  four  minutes ; 
while  pieces  of  wood,  treated  in  the  same  way,  will 
have  their  friction  gradually  augmented  during  nipe 
or  ten  days. 

If  two  planed  boards  of  oak  be  coated  with  tallow, 
and  rubbed  against  each  other  till  they  become  smooth 
and  shining,  the  friction  will  at  first  increase  mosft 
rapidly,  and  still  continue  progressive  for  a  very  long 
time.  This  friction,  which  at  the  instant  of  contact, 
19  only  the  twelfth  part  of  the  pressure,  becomes 
one-half  more  in  the  space  of  a  single  minute,  is  ' 
doubled  in  eleven  minutes,  and  tripled  in  twenty-four 

VOL.  I.  p 
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hours.  Amounting  now  to  tho  fourth  purt  of  the  in- 
cumbent weighty  it  acquires  not  sensibly  any  £urdier 
augmentation.  If  t  represent  in  minutes  the  whole 
time  elapsed,  the  friction  of  such  findiy  greased  oak 

will  be  expressed  nearly  ^y  tq+^  ^*  (1+10  t). 

This  gradual  augmentation  is  still  &rther  pro- 
longed by  applying  a  soft  layer  of  taliow«  If  thi^ 
were  spread  to  the  thickness  of  the  twentieth  part  <if 
an  indi  over,  polished,  boards  of  oak»  it  w4>uld  feae^- 
trate  into  the  wood  about  the  eighth  part  of  an  indb, 
and  the  adaptation  of  the  impregnated  surfaces  would 
be  effected  with  extreme  slowness.  The  friction  would 
be  doubled  in  very  little  more  than  a  sePOpd»  tripled 
in  6^^\  quadrupled  in  96" f  quintupled  in  d'.9'^  and 
would  continue  its  progress  nearly  nine  days,  beyond 
which  no  farther  increase  would  be  perceived,  the  fric- 
tionbeing  then  augmented  tenfdd,.  and  equal  to  two- 
fifths  of  the  whole  pressure.  If  t  denote  the  time  in 
minutes,  the  friction  will  be  expressed  with  toler^fe 

accuracy  by  this  formula :  ^x+t^  loff*  (1+240  t). 

Where  friction  is  augmented  by  the  durati^^i 
of  contact,  it  must  evidently  be  greater  in  slow 
than  in  rapid  motions.  Henoe»  it  is  not  ^ected  sat 
all  by  the  celerity  of  the  attrition  of  met«li.  In  all 
other  oases,  however,  the  influence  of  firictioa .  de- 
creases in  some  proportion  to  the  quickness  of  tac- 
tion.   This  diminished  obstruction,  resulting  from 
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a  Mvift  eoi^^Sy  in  vinUe  in  the  mutual  attrition  of* 
lieoei  of  irrood :  it  is  still  more  pnntaisent  in  the  he^ 
terogeneous  contact  of  metal  with  wofkl,  fafut  is  moat 
remaiUble  f?hen  a  'coat  of  tallow  has  been  interposed* 
A  ihip  18  launched  along  sliders,  whidi  commoi^f 
dope  oftly  from  4»*  to  6^^.    The  lowest  friction  is  here 
exertedi.  all  previous  adhesion  being  destroyed  by 
UoiWB  of  the  vaeJletf  and  ;shoGks  girai  in  the  act 
of  withdrawing  the  wedges.    The  momentary  frie** 
lOML  being  4»  leaves  an  accaleratiag  force  of  d,  that^ 
luorries  the  ves^  forwards^  notwithstanding  its  im*< 
BSMise  pressure  of  perhaps  thirty-^e  tons  on  every 
square  foot  of  the  slide.    If  any  imperiection  in  the 
track  should  arrest  the  progress  of  the  ship,  it  will 
soon,  gain  snch  adhesive  power  as  to  render  its  re- 
moval extivmely  arduous.    A  tremulous  agitation  ib 

masfl^  Hence  the  reason  of  die  sudden  fUlingdown 
of  weal:  or  decayed  structures.  They  are  upheld 
long  beyond  die  term  of  eqmlifarium»  by  the  rooted' 
adhesion  of  dieir  parts  ^  but  any  accidental  shock 
diasolves  this  union,  and  the  whole  pile  is  precipita- 
ted to*  the  ground* 

The  aAesion  arising  from  prolonged  contact,  ex^ 
phiBs  likewise  some  stnking  ftcts  in  the  proctioe  of 
the  mecfaamcal  arts.  Henee  an  axe^  struck  into  a 
hcBvyblodbof  wood^  wfll^  notwithstanding  its  wedge 
fflsnit^  tdce  sucii  a  firm  hold  as  to  lift  it  up.    Fbr 

p2 
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the  same  reasoni  a  round  iron '  bolt,  with  a  slight: 
degree  of  taper,  being  driven  into  a  hole  bored  in  a 
stone,  wilh  safely  raise  the  ponderous  mass,  and  it 
is  only  disengaged  by  the  smart  blow  of  a  hammer* 
The  binding  action  of  naUs  depends  on  the  same 
principle*  Their  adheaon  to  wood  is  not  exactly 
as  the  quantity  of  surface  compressed,,  but  seems  to 
be  nearly  proportional  to  the  square  root  of  the  cnbe 
of  the  depth  of  insertion.  Thus,  to  extract  an* 
iron  nail  from  a  fir  plank,  requires  a  force  denoted 
by  SSOy/cf,  in  pounds  averdupois  ;  *  d  marking  in 
inches  the  depth  of  penetration*  In  dry  elm,  tha^ 
tenacity  of  cohesion  is  about  a  fourth  part  greater* 

The  friction  of  pivots  is  peculiar*  Being  so  near 
the  axis,  it  is  never  affected  ih  any  degree  by  the 
swifhiess  of  rotation.  This  friction  is  not  exactly 
proportional  to  the  pressure,  but  nearly  a  mean  be«: 
tween  the  pressure  and  its  ^uare  root.  Thus,  if 
one  pivot  weighs  10  and  another  810  grains,  the  fric- 
tion of  the  latter  will  be  28,  and  not  81  times  great* 
er.  The  probable  reason  of  this  discrepancy  is,  that 
the  loaded  pivot  occasions  a  depressbn  at  the  spot 
on  which  it  turns,  which  incurvation  of  the  plate  di- 
minishes the  friction.  The  tapering  of  the  pivot 
lessens  this  still  more.  It  should  not  exceed  an 
angle  from  SO  to  45  degrees,  and  the  cone  may  be  re* 
ducedeven  to  10  or  12  degrees,  if  the  weight  shooM 
not  exceed  an  hundred  grains^    The  retardatim 
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Vi\mh  a  steel  pivot  suffers^  varies  according  to  the 
oature  of  the  substance  in  which  it  turns.  On  gar- 
net at  loses  only  10  parts  of  its  motion,  ^n  agate  1  % 
on  rock-crystal  13»  on  glass  18,  and  on  steel  ^. 

If  a  hard  body  rub  against  a* very  soft  substance, 
the  jfnction  will  no  longer  continue  uniform,  but  in- 
crease remarkably  with  the  celerity.  Thus,  when 
the  sliders  of  the  bench  are  covered  with  lists  of 
cloth,  the  loaded  sledge  being  mounted  as  before 
upon  rules  of  wood  or  metal,  the  motion  incited  by 
a  predominant  weighty  so  far  from  accelerating,  is 
quickly  retarded,  and  would  soon  become  entirely 
extinguished.  But  the  impediment  now  created 
partake&more  of  the  nature  of  the  resistance  of  fluids ; 
it  consists  in  the  consumption  of  force  occasioned  by 
the  continual  depriessing  of  the  spongy  and  elastic 
substance  of  the  cloth  with  the  celerity  of  the  pas- 
sage of  the  sledge.  The  effect  of  sjich  obstruction, 
being  compounded  of  the  quantity  of  matter  dis- 
placed and  of  the  velocity  of  its  removal,  must  there- 
fore be  proportional  to  the  square  of  that  velocity. 
If  a  denote  the  incipient  friction,  and  v  the  velocity, 
the  correq^nding  friction  will  be  expressed  by  a + mv^, 
where  m  is  a  coefficient  to  be  determined  by  experi- 
ment. 

When  a  cylinder  is  made  to  roU  upon  a  plane 
surf^ice,  it  encounters  a  new  sort  of  obstruction. 
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quite  distinct  in  its  character,  and  generally  mudi 
inferior  to  that  of  Friction.  These  retarding  forces 
BVe  strikingly  contrasted  in  the  roUmg  and  sliding 
of  different  cylinders  of  wood  down  inclined  planes 
The  cylinders  will  not  begin  to  slide  lengthwise, 
though  disengaged  by  percussion,  unless  Ihe  slope  of 
the  plane  exceeds  10  degrees ;  but  they  will  roll 
easily  at  much  toialler  angles.  The  inclination  of 
4  degrees  will  be  sufficient  to  enable  a  cylinder  of 
elm,  one  inch  in  diameter,  to  roll  down  an  oaken 
board,  and  an  angle  of  8  degrees  will  decide  the  roll- 
ing of  a  cylinder  of  lignum  vit®  of  the  same  dimen- 
sions. But  a  single  degree  of  slope  w31  make  an 
dm  eylinder  of  four  inches  diameter  begin  to  roll, 
and  three-fourths  of  that  angle  will  occasion  the  roll- 
ing of  a  like  cylinder  of  lignum  vit«.  The  loss  of 
force  in  the  act  of  rolling  is  hence  inversely  propor- 
tional to  the  diameter  of  the  cylinder. 

If  adhesion  were  confined  to  the  mere  Kne  of  con- 
tact, it  could  have  no  efibct  whatever  in  hindering, 
on  a  horizontal  plane,  the  revolving  motion  of  a  cy- 
•  Under.  But  this  power,  subsisting  an  instant  a^l;er 
contact  has  taken  place,  may  be  conceived  as  con- 
stantly drawing  it  down  at  a  certain  distance  behind. 
Thus,  if  A  (fig.  117.)  l>^  tt^  contact  of  the  cylinder 
and  B  the  point  where  the  adhesion  is  mainly  exert- 
ed, its  efficacy  to  restrain  the  rolling  of  the  cylinder 
will  evidently  be  as  AB  to  AC.  On  the  supposi- 
.  tion  thst  AB  is  constant,  this  retarding  force  is  in- 
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wtmhf  M  the  radius  AC.  In  the  case  of  ebn,  the 
dirtance  AB  of  vigorous  cohesioo>  must  be  the  28th 
part  of  an  inch ;  but  in  that  of  lignum  vita^  it  is  on- 
ly the  40dii  part 

SoUers,  by  removing  friction,  sine  extremely  use- 
ful in  practice  of  Mechanics.  The  only  obstacle  is 
the  necessity  of  frequently  replacing  them  under  the 
load ;  but  this  inconvenience  may,  in  a  great  mea- 
sore,  be  obviarled  by  substituting  cylindrical  axles 
fixed  to  large  wheels. 

Balls  i^pearto  rdil  still  more  easily  than  cylinders 
of  the  same  diameter^  though  they  have  never  been 
subjected  to  any  nice  experiments.  On  a  large  scale, 
however,  they  are  often  employed  most  advantage- 
ously  in  aiding  the  removal  of  enormous  masses. 

If  the  diameter  of  a  cylinder  in  inches  be  de- 
noted by  df  that  potion  of  the  incumbent  weight 
which  is  required  to  maintain  the  rolling  of  a  cylin- 
der of  eihn  upon  a  plane  ot  oak|  will  be  expressaj  by 

1 

jrr-j,  but  the  retardation  of  a  cylinder  of  lignum 

vitas  is  only  ^r-^.    Balls  of  the  same  dimensions 

and  maieriab  would,  in  rolling  upon  such  a  plane, 
probsUy  ednsmne  only  two-thirds  of  those  measures 
of  ifaiee. 

Fmm  some  trials  made  by  Tredgold  with  small 
models^  it  would  follow,  that  the  obstruction  which 
east-iron  wheels  encounter  in  rolling  along  an  iron 
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railway^  employing  th^.  same  .notation,  amounts  only 

to  the  ^^  part  of  the  Wad.     By  the  application  of 

conditional  equations,  we  are  enabled  to  infer^  ftiom 
three  measures  incicl^tally  furnished  by  Woo<^  of 
the  retardation  along  a  cast-iron  railway,  encoun- 
tered by  an  ordinary  waggpn  carriage,  with  pon- 
derous wheels  of  36  inches  diawet^,  that  the  db- 
sti^uction  from  the  rolling  alwe  amounts  to  the 
^35th  part  of  the  whole  incumbent  pressure,  .which 
i&  more  thaa  three  times  greater  than  what  might 
fajc  expected  from  the;  action  of  small  models.  But 
when  the  rims>  of  the  wheels  are  oase-hafdened« 
this  Qbs|;ruction  is  reduced  to  about  the  G^Oth  part 
of  the  load,  and  thus  ye;ry  nearly  cprr^^ponds  with 
the  experi^i^ts  in  minj^iture.  The  difi^eoee  of  jce- ' 
lerity  proba)^  mpdifie^i the  effect  of  lolUng.    :.     . 

,  Ip  the  composition  of  ttiaqhii^s^  we  shcidd  svoid 
attrition  as  much  as  possible,  and  prefer  rolling 
movements,  wherever*  circumstances  will  adinii.  But 
friction  itself  may  be  diminished  indefinitely,  by 
bringing  its  action  nearer  to  the  centre  of  revolution, 
or  by  transferring  its  kifluence  irom  the  .QiKOU]:ii£ei!> 
rence,  to  the  axle,  of  a.wheeL  Tbusb  the  axle  tof 
the  wheel  AB  (fig.  118.),  sustaining  a  preflaiire, 
being  made  to  roll  on  the  summit  of  the  ciccumfe- 
rence  of  CB^  its  friction  against  the  gudgeon  at  A 
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wiU.  be  transferred  to  the  ule  C.    Supposing;  tiie 
aides  to  have,  the  same  diameters^  the  influence  of 
this  friction  in  retarding  the  machinery  must,  from 
the  prinei|>le  of  the  lever,  be  now  dimisbhed  in  the 
ratio  of  CB  to  CD*    For  the  sake  of  convenienoe 
the  axk  of  the  incmnbent  wheel  A  is  generally 
plaoted  at  the  intatseetion  of  two  equal  wheels  C 
and  £•    The  weight,  considered  as  pressing  verti- 
cally, beoomcp  henee  shared  between  them,  and  the 
eflSeet  of  friction  is  reduced,  in  the  ratio  of  th^ 
diameter,  to  that  of  their  axles.    These  axles  may 
yet  be  made  to  roll  each  of  them  on  the  circumfe- 
reikce  of  an  equal  pair  of  wheels,  as  in  fig.  119»  and 
the  inotion  will  be  again  diminished  in  the  same  ratio^ 
The  wheeli  thua  infireduced,  for  the  purpose  of  ap«- 
proximating  the  operation  of  friction  to  the  centre 
of  motion,  are  called  Fru^n-Whed^.     If  their 
dintneters,  or  rather  the  vertieal  chords,  w^re  ten 
times  greater  than  the  diameters  of  thdr  axles,  two 
wheels  would  reduce  the  friction  to  one-tenth,  four 
additional,  wheels  to  one-hundredth,  and  eight  wheels 
more  would  ooutract  the  friction  to  the  tliousilndtii 
l^t.    Scarcely  any  obstruction  would  then  be  left 
but, that  of  rolling,  which  is  comparatively  inconside'' 
raible. 

j^inca  the  primary  axle  does  not  rest  precisely  on 
the  amnnrit  of  the  friction-wfaeel,  but  l^ans  against  a 
ppint  beyond*  tiiis,  and  therefore  divides  its  oblique 
presauce  between  two  equal  wheels,  the  friction  ^i^ 
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really  dimiiiifiked.  in  a  ratio  MMnewhat  less  thsn  tlmf 
of  the  diameters  of  the  wheel  and  axle.  Let  A  $tk4 
B  be  the  centres  of  those  wheels,  amd  C  the  centre 
of  the  incumbent  axle :  join  ADC,  and  let  Ml  the 
perpendicalar  D£  upon  AB»  If  AD  express  half 
of  the  load  borne  by  the  axle,  D£  will  d^oote  the 
pressure  exerted  at  D,  or  by  the  secondary  axle  at 
F«  Whereibre  the  friction  will  be  diannished  in 
the  ratio  of  the  peipendioular  D£  to  CD«  This 
perpendicular^  in  most  cases,  howefw,  diffos  little 

^from  the  radius  AD  itself. 

The  theory  of  friction  wheels  explainsiikewise  tiie. 
advantages  derived  from  the  construction  of  vriieeled 
carriages.  In  theae  machines,  the  draught  is  ftcili^ 
tated  by  three  distinct  circumstsnoes :  !•  The  ex- 
cessive obstructioUt  which  the  rim  of  the  wheel 
would  encounter  if  dragged  ahmg  the  road,  is  chan- 
ged  to  the  very  inferior  friction  of  the  axle  against 
the  busb  of  tbo  nave.  S.  This  reduced  jfrietion  has 
its  influence  in  in^eding  the  progress  of  the  carriage, 
still  further  diminished*  in  the  ratio  of  the  diameter  of 
the  wheel  to  that  of  the  axle«  And,  8.  The  dimen- 
sions of  the  wheel  enable  it  to  surmount  easily  any 
obstacle  which  may  occur ;.  the  eflect  being  the  same 
as  if  it  were  drawn  over  an  inclined  plane,  from  its 
point  of  contact  to  the  top  of  the  prominence.  The 
friction  of  the  rim,  of  a  locked,  wheel,  evm  on  die 
smoothest  road#  might  perhaps  exceed  the  hiflf  of 

.^he  whde  load ;  but  the  friction  of  .the  axle  in  itt 
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box,  rAuak  ia  subfititiited  fat  k,  <  would  amount  only 
to  the  oij^ith  part  when  iron  ib  idserted  in  a  oopp^ 
bosh,  and  aearoely  the  seventh  part  when  oak  turns 
fai  ligniun  vite»  the  grease  in  both  (aaes  being  worn 
smooth.  The  power  of  thia  frielion  within  the  nav€^ 
in  retarding  the  motion  of  the  canriage,  must  be  di^ 
rectly  as  the  diamet^  ^  the  axle,  and  inrenely  as 
the  hoght  of  the  wheeL  A  large  wheel  and  a  small 
,axle  axe  hence  the  mod;  advantageous.  For  t^ 
reaspny  an  iroiifajde,  though  it  has  twice  as  mueh 
friction  as  an  oaken  one  of^therame  dimensions,  may 
be  preferred  for  its  smaUttess.  In  carriages  rightly 
fitted  sod  canefttUy  greased*  the  whole  friction  sei 
dom  exceeds  the  thirtieth, .  b«A  need  not  amount  to 
the  hundredth  part  of  the  load. 

To  assign  the  force  expended  in  orereoming  a 
idbstude,  let  the  wheel  (fig.  IdO* )  tondi  A  the  hori*. 
xontal  line  of  traction ;  if  it  meet  a  protuberance  BD, 
it  must  be.  lifted  orer  this  with  the  progressive  motion 
ABc  the  drang^  is  tihersibre  to  the  load,  as  AB  to 
JBD%  or,  from  the  property  of  the  circle,  as  B£  or 
AF  to  A&  But  AF^  :  AB'  t :  AF  :  BD,  and 
foiliequently  AF  is  to  AB  jn  the  snbduplicate  ratio 
df  AF»  the  diameter  of  the  wheel,  to  BDtiie  height 
4!if  die  obstacle*  Large  wheels  are  hence  best  adapt* 
ed,  not  only  for  diminishing  the  efibct  of  frictiow, 
tet  ifor  smrmounting  the  ine^alities  of  the  road. 

€^]indrical  wheek  will  answer  best  on  level  roadi ; 
•for  thm  breaddi,  though,  it  has  no  eflSkrt  on  the 
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^piAntity  of  fribtion,  may  yet  ienen  their,  siiikmg  ih- 
to  the  ground.  In  hilly  and  uneven  roads,  a  slight 
declination  of  the  iqpokes,  called  dishinfft  will,  like' 
an  arched  vault,  give  strength  to  the  wheel,  and 
prevent  its  accidental  twisting. 

The  obstruction  which  a  loaded  carriage  has  to 
ovetoome,  when  drawn  along  a  smooth  level  road,  is 
idways  composed  of  two  very  distinct  portions ;  fimt, 
the  attrition  of  the  axle  against  the  box  <^the  nave, 
iSad,  secondly,  the  adhesion  of  the  rim  of  the  wheel 
as  it  rolls  over  the  yielding  surface  of  the  ground. 
Xhbse  elements  of  retardation,  though  quite  different 
Jfk  their  nature,  have  been  often  confounded  under 
the  ^neral  termfridion.  fiut  it  would  evidently  be 
msh  to  infer  the  properties  of  adhesion  from  experi- 
ments' made  on  ordinary  firiction  ;  nor  is  it  ascertain- 
ed whether  this  adhesion. be  constant  or  variable,  and 
whether,  by  great  celerity,  it  lessens,  like  attrition, 
or  augments,  as  in  the  resistance  of  fluids. 

TKe  attrition  of  the  nave  is  pMportional  to  the 
weight  of  the  carriage  and  its  load,  but  the  ad- 
hesion to  the  ground  is  proportional  to  the  whole  ag- 
gregate mass,  including  the  wheels  and  axle.  Bodi 
<of  diese  soimoes  of  retardation  are  diminished  with 
the  height  of  the  wheel,  but  t^  attrition  is  like- 
wise diittinished  by  the  smallness  of  1^  axle.^  .  In 
ordinary  cimes,  we  may  reckon  the  efiect  of  adhesion 
at  least  five  times  greater  than  that  of -attrition. 
Thus,  a  horse  traveling  at  the  rate  of  three  miles 


NATURAL  PHILOSOPHY.  9Sf 

an  hour,  exferta  a  pull  of  81  IbB.  in  drawing  a  IdadU 
ed  cart :  of  .this  force  only  IS  lbs.  are  spept  on  the 
afekriti<«  of  the  axle,  but  the  remainiiig  69^  lbs«  wer 
consumed  on  the  aoUiesion of  the  rim  of  thfeiirheel 
to  the  level  road.  Supposing  the  absolute  iiiotion; 
of  the  nave  to  be  on&*eighteefl!di  of  the  incumbent 
weighty  and  the  diameter  of  the  axle  the  fifteenth  part 
of  that  of  the  wheel ;  then  18  X  15  X  I2»:dg40  Ibs^ 
6r  d8|  cwts,  leaving  about  ^  cwts.  fbr  the  load.  Hm 
attrition  being  thus  equal  to  the  370th  part'  of  the 
pressure,  the  adhesion  aloi^  the  road  may  he  taken 
at  the  50th  part  of  the  entire  chai^  ^  which  givea 
50  X  d&  =  3450  ibst,  being  an  excess  of  210  lbs. 
for  the  additiofial  weight  of  the  wheels  and  Axle. 

It  is  matter  of  just  regret^  tiiat  the  relatk^n  be^ 
tween'  the  influetKe  of  attriticm  and  of  adhesion^  in* 
retarding  the  motion  of  wheel^^niages^  has  never 
been  ascertained  wi^h  any  d^ree  of  precision ;  yet 
nothing  could  be  more  easily  determined  than  the 
comparative  expenditure  of  power,  occasioned  by  the 
opleration  of  those  distinct  causes  :  Let  the  retarda- 
tion of  a  loaded  carriage,  with  ordinary  wheels,  be 
Ibnnd ;  and  next  that  of  a  light  carriage,  mounted 
on  very  heavy  wheels,  perhaps  of  solid  cast  iron. 
This  obstruction  might  be  examined  on  diflferent 
roads  and  railways,  the  rims  of  the  wheels  being  shod 
with  a  thin  ring  of  wood,  or  of  iron,  cast  or  hammer- 
ed, or  case-hardened.  Since  the  attrition  is  pro- 
portional only  to  the  weight  of  the  carriage,  and  of 
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itt  load»  white  the  adheaian  u  prodvoed  by  the  whoto 
MUective  prestoze  of  carriage  and  wheels^  the  twemlk 
ranilta  would  oflbrd  data  for  diadiigiuahiiig  the» 
Uended  afaaret •  These  eaqiieiimenta^  perftmed  an^ 
a  scale  of  n^cieiit  magnitude^  would  throw  a  clear 
and  atsady  l%ht  on  liiepriiieipleB  of  the  fonaatioti  of 
xoadfl^  and  the  conttruction  of  carriages ;  andmight 
therefore  be  deemed  of  national  importance.  8imi-^ 
hat  inquiries  ought  oertainl  j  to  hare  been  instituted 
hj  the  proprietors  of  railways,  before  they  ventured^ 
Wfith  such  limited  and  impevfeet  infiNniation,  to  em-- 
haik  in  th^  expensive  adiemes* 

Though  ordinary  friction  is  generally  diminisfaed 
by  cqpid  motion,  the  attrition  of  the  nave  eanset  be 
sensibly  aflbcted  by  the  swiftness  of  rotation,  since 
tke  robbing  surface  being  so  near  the  caitre,  its  ee^ 
lerity  is  proportionally  reduced.  It  is  diflbrent  al^ 
together  from  the  adhenon  of  the  rim  of  the  wheel- 
in  rolling  along  the  road,  which  bears  an  affinity  to^ 
the  resistance  of  soft  and  yielding  substsnces,  and 
therefore  increases  probably  after  some  ratio  of  the 
velocity. 

In  the  drawing  of  carriages,  it  is  of  the  utmost 
ciBflsqBfflice  to  bhint  or  avoid  the  shocks  occasioned 
by  the  ineqpialities  of  the  road«  Such  concussions 
waste  the  power  of  draught,  in  proportion  to  the 
cderity  of  their  deranging  influence.  The  appKca- 
tion  of  springs  to  a  caerrii^,  by  restraining  and  en- 
fteUing  .those  irregular  movements,  must  therefore 
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h6  iu»  uiapmfi^^  ^oq^enditui^  of  power*  The  a4^ 
vaatagea  thw  prcjraxed  nregiMter  in  impid  trereUuig. 
It  haa  been:  found  tbat  a  carnn^  moiurted  oa  springp 
may  be  dnimi  along  a  roa|^  road  at  the  rate  of  two 
milea  an  hoiuci  with  thceenfoaitha  of  the  force  neces* 
aary  to  effibct  it  wiUiout  sprmgs.  At  the  rate  of 
lii»e  milt.  <md  a  lulf -n  hoar,  the  eon«iNmdi>s 
finroe  is  only  two-thirds  4  but,  at  the  velboity  of  fite 
niilei^  it  becomes  reduced  to  ooe  half*  : 

Bat  the  motion  of  machines,  in  whidh  pulleys  are* 
concerned,  suffers  another  obstruction,  arising  ftotk 
the  stifihess  of  the  ropes,  or  the  force  consumed  ill 
jeotttinttaUy  bending  them  ipto  a  new  direction. 
TUs  impeditiMBt,  in  the  case  of  a  single  strand, 
viust  depend  on  the  rate  of  ioiexion,  and  will  there'- 
htie  fellow  the  infverse  prop<ntion  of  the  diameter  of 
tibe  pulley  or  revolving  cylinder.  If  those  strands 
wem  laid  parallel,  their  combined  stiffiiess  woold  be 
aa  their  number,  or  as  the  square  of  the  diameter  of 
tl^  rope  which  they  form.  In  practice,  however, 
thitf  obstructing  force  appears  adapted  to  a  slower 
ratio.  A  certain  portioii  of  the  stiffiiess  of  a  rope 
is  owing  to  its  peculiar  tenaeity,  but  the  greatest 
part  of  it  proceeds  from  the  tension  occasioned  by 
the  Impended  weight.  But  this  is  liable  %&  mtieh 
diversity,  whieh  can  be  ascertained  only  byexperfi 

Two  methoda  hav0  been  adopted  for  exploring 
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the  stifiiiess  of  ropes.  The  first  was  poposed  by 
Amontons,  which  consists  in  a  strqng  beam,  having 
two  pulleys  fixed  to  it,  and  over  them  a  long*  rope  is 
passed ;  and  both  ends  beii^  lapped  about  a  cyjiin* 
•der,  are  then  fastened  to  a  fiame  loaded  with  heary 
weights^  See  fig.  121.  A  slenda:  silkeQ  line  is 
next  wound  about  the  cylinder,  haying  an  appended 
scale  to  hold  small  weights.  These  being  added, 
till  the  cylinder  begins  to  desc^id,  will  evidently 
measure  half  the  stiffiiess  of  the  rope,  since  they  are 
*  exerted  in  turning  it  not  about  the  centre,  and  at 
the  distance  Qf  the  radius,  but  at  the  whole  length  of 
the  diameter. 

This  mode  of  experimenting  was  pursued  on  a 
large  scale  by  Coulomb,  and  the  results  were  con- 
firmed by  a  simpler  method  of  inyestigation  which 
he  afterwards  employed.  The  cylinder  was  now 
placed  upon  two  parallel  and  hori2H>ntal  edges, 
having  the  rope  coiled  about  it,  and  equally  loaded 
at  both  ends ;  a  weight  was  now  added  on  the  qw 
side,  just  (sufficient  to  put  the  cylinder  i^  motion ; 
and  the  small  obstruction  in  rolling  obtained  by  a 
previous  experiment,  being  deducted  from  this, 
leaves  an  accurate  measure  of  the  stifihess  of  the 
rqpe«  See  fig.  ISS.  An  approximation,  reduced  to 
the  Eqglish  standard,  may  easily  be  deduced  from 
the  different  facts  ascertained  by  Coulon\b»  Let 
D  express  in  inches  the  diameter  of  the  pulley,  d 
that  of  the  rope,  and  P  in  pounds  averdupois  .the, 
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weight  applied  to  it }   then  will  d^  \^  — -r^tr — j 

denote  very  nearly  the  stiffiiess  of  a  new  hempen 
rope*  In  the  case  of  old  ropes,  the  fraction  |-  is 
more  correctly  the  index  of  d.  Small  cords  have  • 
their  stiffness  diminished  by  wetting,  but  large  cords 
are  thus  rendered  somewhat  stiflFer.  The  applica- 
tion of  tar  adds  about  one*sixth  part  more  to  the 
stiffiiess  of  ropes* 

But  we  sometimes  need  to  create  friction,  as  well 
as  to  lessen  or  extingijish  it.  All  machinery  is  gra- 
dually set  in  motion,  and  cannot  be  stopped  suddenly 
without  incurring  imminent  danger.  As  the  celeb- 
rity was  progressively  acquired,  so  to  insure  safety  it 
must  be  slowly  retarded.  Friction  is  the  simplest 
and  most  effectual  means  of  arresting  all  motion. 
For  this  purpose,  its*  action  is  augmented,  by  trans- 
ferring it  in  complex  machines  from  the  centre  to 
the  circumference  of  revolution.  But  simpler  modes 
of  exerting  the  retarding  force  of  friction  are  fre* 
quently  adopted  in  practice.  The  attrition  of  a  rope 
against  a  round  post  is  the  Common  way  of  stemming 
the  motion  of  a  ship. 

This  peculiar  species  of  friction  deserves  a  dis- 
tinct investigation.  Let  a  flexible  cord  ABC  (fig. 
123.),  supporting  a  weight  P,  and  drawn  by  a  force 
Q,  wind  about  the  circumference  of  a  fixed  pulley  or 
cylinder,  whose  centre  is  O.  This  cord  must  press 
against  the  cylinder  at  any  point,  in  proportion  to 
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its  degree  of  inflexion.  Conceive  the  arc  ABC.  to 
be  divided  into  elementary  portions,  and  the  tension 
of  the  cord  in  the  direction  of  a  tangent  at  B  will  be 
to  the  pressure  of  the  element  bB,  as  the  radius  OB  to 
bB.  Iflim  denote  the  ratio  of  the  pressure  of  bB  to 

its   friction,    t^w-   will    express  the   proportional 

increase  of  tension  from  b  to  B.  Suppose  the 
successive  tensions  to  be  represented  by  P,  P',  PV 

&c.  thenF-P  =  P.  ^'  andF'-P'=F.^' 

&c.        Wherefore,    the    hyperbolic    logarithm    of 

^  =    *  P    z=  m  •  angle  AOC.     Hence,  assuming 

equal  angles  about  the  centrie  O,  the  corresponding 
tensions  will  form  a  geometrical  progression*  Thus, 
assuming  the  arc  AC  to  be  a  quadrant,  if  a  weight 
P  of  one  pound  balanced  a  traction  of  two  pounds 
at  C,  it  would  uphold  four  pounds  at  the  end  of  the 
semicircumferehce,  eight  pounds  at  three  quarters 
of  a  circuit,  and  sixteen  pounds  at  a  complete  cir- 
cumvolution i  but  the  same  power  would,  at  the  end 
of  two,  three,  and  four  turns,  &c.  sustain  no  less  than 
256  lb-,  4096  lb.,  65,536  lb.  The  progression  thus 
augments  with  extreme  rapidity  ;  and  after  a  few 
turns  of  the  cord,  a  very  small  weight  will  be  suf- 
ficient to  support  the  most  enormous  load.  This 
efficacy  is  nowise  modified  by  the  size  of  the  cylin- 
der, about  which  the  line  is  coiled,  but  depends  en- 
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tirely  on  the  number  of  its  circumvolutions.  Hence 
the  firmness  procured  by  the  lapping  of  cordage ; 
and  hence,  likewise,  the  principle  of  various  fire- 
escapes,  by  which  the  celerity  of  descent  from  a  great 
height  is  retarded,  and  the  shock  against  the  ground 
rendered  soft  and  easy. 

In  all  mechanical  structures,  each  member  should 
not  only  be  able  to  resist  the  strain  under  which  it  is 
constantly. subjected,  but  should  also  be  capable  of 
withstanding  those  occasional  shocks  to  which  it  is 
ever  exposed.  The  stability  of  the  fabric  depends 
no  doubt  mainly  on  the  strength  of  its  several  parts  ; 
but  the  same  degree  of  strength  'will  exert  very  dif- 
ferent forces,  according  to  its  direction,  and  the  elas- 
ticity that  accompanies  it.  In  combining  the  mate- 
rials, therefore,  the  pcover  brought  into  action  should 
always  be  proportioned  to  the  respective  strain. 
The  skilful  disposition  and  arrangement  of  the  com- 
ponent members,  hence  contribute  often  more  essen- 
tially than  their  size  or  absolute  strength  to  the  se- 
curity and  duration  of  any  structure. 

In  estimating  the  strength  of  materials,  they  are 
generally  considered  as  having  a  prismatic  or  colum- 
nar form.  But  they  may  likewise  be  exposed  eithei 
to  a  longitudinal  or  a  transverse  strain.  Their 
strength  is  therefore  exerted  in  four  different  ways  : 
1.  In  sustaining  a  longitudinal  tension ;  2.  In  with- 
standing a  longitudinal  compression  ;  3.  In  resisting 
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&  transverse  pressure ;  and,  4.  In  opposing  the  act 
#f  twisting  or  wrenching. 

1.  Longitudifud  Tensum.-^ThB  tension  which 
A  stone  pillar,  a  bar  of  metal,  a  beam  of  wood,  or 
even  an  hempen  rope,  can  bear  when  pulled  length- 
wise, must  evidently  depend  on  the  cohesion  of  any 
cross  section.  As  the  material  stretches  out,  the 
longitudinal  attraction  of  the  particles  becomes  aug- 
mented. This  increase,  at  first,  is  proportional  to 
the  dilatatfon,  but  it  afterwards  advances  very  slow- 
ly, and  a  small  additional  strain  is  then  sufficient  to 
produce  that  limit  of  extension  which  occasions  total 
fracture  or  disruption  of  the  column.  Its  length 
will  nowise  afiect  the  utmost  strain  which  it  can  bear, 
this  being  determined  merely  by  the  smallest  croM 
section  where  the  dislocation  of  the  particles '  will 
take  place. 

Let  ZA  (fig.  1S4.)  be  a  prism  stretched  in  the 
direction  of  its  length.  The  particles  of  the  sec- 
tion B  will  be  pulled  from  those  of  the  section  C, 
till  an  attraction  be  generated  equal  to  the  whole 
tension.  But  the  particles  of  the  section  C  must 
settle  in  equilibrium,  and  are  consequently  drawn 
back  by  an  equal  force.  In  this  acquired  position, 
therefore,  they  must  attract  the  particles  of  the  sec- 
tion D  with  the  same  force.  The  original  tension 
is  thus  transferred  successively  to  the  extremity  Z^ 
whfere  it  is  finally  exerted,  the  effects  of  its  action  be* 
ing  neutralized  in  all  the  intermediate  sections. 


NATURAL  PHILOSOPHY*  24f5 

Tfaie  oohesive  power  thus  evolved^  is  hence  the 
aiecumulative  attraction  of  all  the  particles  in  any 
section.  The  corresponding'  longitudinal  distension 
is  at  first  proportional  to  it»  but  afterwards  increases 
in  a  more  rapid  progression.  Thus,  a  bar  of  soft 
ixoa  will  stretch  uniformly,  by  continuing  to  append 
to  it  equal  weights,  till  it  be  loaded  with  half  as  much 
as  it  can  bear ;  beyond  that  limit,  however,  its  exten- 
sion will  become  doubled  by  each  addition  of  the 
eighth  part  of  the  disruptive. force.  Supposing  the 
bar  to  be  ail  inch  squu-e,  and  1000  inches  in  length, 
36,000  lb.  averdupois  would  draw  it  out  1  inch ;  but 
45,000  lb.  will  stretch  it  2  inches,  54,000  lb.  4  in- 
ches, 63,000  lb.  8  inches,  and  72,000  lb.  16  inches, 
when  it  would  finally  break,  the  extension  being  now 
increased  eight  times  beyond  its  ordinary  rate.^ 

het  AB  (fig.  125.)  be  a  prism  or  bar  of  any  ma- 
terial, and  suppose  its  prolongation  BC  to  express 
the  whole  longitudinal  force  exerted,  in  causing  the 
small  extension  Aa,  While  the  length  of  this  bar 
BC  continues  the  same,  it  is  evident  that  aA  must 
be  proportional  to  B,  the  distraining  weight  BC. 
Make,  therefore,  a  A  :  BC  :  :  AB  :  CD ;  or^  alter- 
nately, Aa  :  AB  :  :  BC  :  CD,  and  CD  must  be 
constant.  Since  BC  now  bears  the  same  relation  to 
CD  as  a  A  to  AB,  any  portion  of  CD  will,  by  its 
weight,  produce  a  corresponding  distension  of  AB. 
Thus,  a  column  of  the  thousandth  part  of  the  length 
of  CD  would  extend  AB  one  thousand  part,  and 
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the  same  weight  acting  by  compression,  would  oc- 
casion an  equal  contraction.  The  column  CD  thus 
found,  is  called  the  Modulus  of  Elasticity ;  it  de- 
pends entirely  on  the  nature  of  the  cohesive  substance, 
and  may  be  determined  by  a  single  experiment. 

The  Modulus  of  Elasticity,  though  of  great  im- 
portance, has  been  ascertained  but  in  a  few  instances. 
That  of  white  marble  is  2.150,000  feet,  or  equal  to 
the  weight  of  2,520,000  pounds  averdupois  on  the 
square  inch ;  while  that  of  Portland  stone  is  only 
1,570,000  feet,  corresponding,  on  the  square  inch, 
to  the  weight  of  1,530,000  lb. 

White  marble  and  Portland  stone  are  found  to 
exert,  on  every  square  inch  of  section,  a  cohesive 
power  of  1811  lb.  and  857  lb. ;  wherefore,  suspend- 
ed columns  of  these  stones,  with  the  altitudes  of 
1542  and  945  feet,  or  only  the  1394th  and  1789th 
parts  of  their  respective  measure  of  elasticity,  would 
be  torn  asunder  by  their  own  weight. 

Of  the  principal  kinds  of  timber  employed  in 
building  and  carpentry,  the  annexed  table  will  ex- 
hibit the  respective  Modulus  of  Elasticity,  and  the 
portion  of  it  which  limits  their  extreme  longitudinal 
cohesion. 

XeaX,    mm*mfm,wt,mmm,»mmn»*mfmt m    0,040,000    leCt.   »w,w.ww     lOStll. 

waK,    00m0»9»mmwmm<m0mmm*»0m 4^150,000    iCet.    ni :  jujlj'-     144th. 

Sycamore, 3,860,000  f^^tr  108th. 
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#MIMMlMIM«<>WMM<MMIM<tWMW<MMIMOTI*WIM<^ 


Ash, 

Memel  Fir, 
Christiana  Deal, 
Larch, 


•MW«nMiMwv«a«mM 


viMMMOTiawaw 


«M»«»«IMMM>WfinM«W<t«OTMM««IM>««WP 


4)617,000  feet 

5,680,000  feet. 
8,292,000  feet. 
8,118,000  feet 
5,096,000  feet 


WMmWMMM 


^VWWMWMW 


■WMtMIMIIW 


«W«»<i|—»W« 


109th. 

146th. 
205th. 
146th. 
.  121th. 


A  Tabular  View  may  be  likewise  given  of  their 
absolute  cohesion,  or  the  load  which  wotild  rend  a 
prism  of  an  inch  square,  and  the  altitude  of  the 
prism  which  would  be  torn  asunder  by  the  action  of 
its  own  weight. 


Teak, 
Oak, 


■nxxnMO 


•iM<n> 


Sycamore, 
Beech, 
Ash,  ^ 
Elm, 


«>wn»MWMwa 


12,915  lb. 

11,880  1b. 

9,630  lb. 


rm»»mt»0mt 


••WMWWM 


#<MMMiWWiqp 


36,049  feet. 
32,900  feet 
35,800  feet 


■■f«M«MM«*<MM««MIMM 


MMUMMOTM 


WWMIMMMMIM 


KMWtMIMIM 


Memel  Fir, 
Christiana  Deal, 
Larch, 


mmtmmmmuM  m^»n  ■mw  » 


i  *«WMM<«M«MMWIMI>lMMMmMIMMI> 


12,225  lb r-  38,940  feet 

14,130  lb. 42,080  feet 

9,720  lb. 39,050  feet 

9,540  lb 40,500  feet 

.  12,346  lb. 55,500  feet 

.  12,240  lb 42,160  feet 


It  is  singular,  that  woods  of  such  diversified 
structure  should  yet  differ  so  little  ^n  the  whole  in 
the  measures  of  their  elasticity  and  cohesion.  Spe- 
cimens of  the  same  sort  will  occur,  which  are  some- 
times as  much  varied  as  the  several  kinds  them- 
selves. 

The  modulus  of  the  elasticity  of  hempen  fibres 
has  not  been  determined,  but  may  probably  be  rec- 
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koned  about  5,000,000  feet.  Their  cohesion  is,  for 
every  square  inch  of  transverse  section,  6,400  lbs. 
The  usual  mode  of  estimating  the  strength  of  a  cable 
or  rope  of  hemp^  is  to  divide  by  five  the  square  of  its 
number  of  inches  in  girth,  the  quotient  expressing 
in  tons  the  utmost  strain  it  could  bear.  But  a  sim- 
pler computation  is  to  double  the  square  of  the  dia- 
meter of  the  rope.  This  estimate,  however,  applies 
only  to  new  ropes  formed  of  the  best  materials,  not 
much  twisted,  and  halving  their  strands  laid  even. 
Yams  of  180  yards  long  are  usually  worked  up  into 
a  rope  of  only  ISO  yards,  atid  lose  one-fourth  part 
of  its  strength,  the  exterior  fibres  alone  resisting  the 
strain.  But  the  register  cordage  of  the  late  Captain 
Huddard  exerts  nearly  the  whole  force  of  its  stninds, 
since  they  sufier  a  contraction  of  only  an  eighth  part 
in  the  process  of  intertwisting. 

The  metals  differ  more  widely  from  each  other  in 
their  elastic  force  and  cohesive  strength,  than  the 
several  species  of  wood  or  vegetable  fibres.  Thus, 
the  cohesion  of  fine  steel  is  about  135,000  lb.  for  the 
square  inch,  while  that  of  cast  lead  amounts  only  to 
about  the  hundred  and  thirtieth  part,  or  1800  lb. 

According  to  the  very  accurate  experiments  of 
Mr  George  Rennie  in  18 17,  the  cohesive  power  of 
a  rod  an  inch  square  of  different  metals,  in  pounds 
averdupois,  with  the  corresponding  length  Jn  feet, 
is  as  follows  : 
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Swedish  Malleable  Iron,  72,064  lb. ......^  19,740 

English         ditto  55,872  lb. 16,938 


Cast  Iron,  . 
Cast  Copper, 
Yellow  Brass, 
Cast  Tin, 
Cast  Lead, 


imm^00^^tmm0mm0iM00it^0»*m0» 


tfvwi«^i#«vWimw^M^^'4M0 


0i0t0i0^m*^0>Hfirifi0i^>0mmm0> 


00>0mK0m0mmfmm^00m0i^^0i^0ifi0>^0^^ 


m0^^^mmm0<0^<0^m0>i*i0if'^^0i*i^00 


19,096  lb, 
19,072  lb. 
17,9^8  lb. 
4,736  lb. 
1,824  lb. 


»^»^»i»^*wJ 


mmi0mmmmm0ts 


^0»^^0^^f0i^» 


i^w»i^»i^»i»#<* 


^i0i0>0i00imm^>0 


6,110 
5,003 
5,180 
1,496 
348 


feet 
feet, 
feet, 
feet, 
feet, 
feet, 
feet 
feet 


It  thus  appears,  that  a  vertical  rod  of  lead  348 
feet  long,  would  be  rent  asunder  by  its  own  weight. 
The  best  steel  has  nearly  twice  the  strength  of  Eng- 
lish soft  iron,  and  this  again  is  about  three  tipies 
stronger  than  cast  iron.  Cop{5er  and  brass  have  al- 
most the  same  cohesion  as  cast  iron.  This  tenacity 
is  sometimes  considerably  augmented  by  hammering 
or  wire-drawing,  that  of  copper  being  thus  nearly 
doubled,  and  that  of  lead,  according  to  Eytelwein, 
more  than  quadrupled.  The  consolidation  is  pro- 
duced chiefly  at  the  surface,  and  hence  a  slight  notch 
with  a  file  will  materially  weaken  a  hard  metallic 
rod.  Hence  the  advantage  of  case-hardening.  Eng- 
lish malleable  iron  has  7,550,000  feet  for  its  mo- 
dulus of  elasticity,  or  the  weight  of  S4,9S0,000  lb. 
on  the  square  inch,  while  cast  iron  has  5,895,000 
feet  or  1 8,42 1 ,000  lb.  Of  other  metals,  the  modulus 
of  elasticity  is  probably  smaller,  but  has  not  yet  been 
well  ascertained. 

2.  Jjongitiulinal  Campression.'^The  compres- 
sion which  any  column  suffers,  is  at  first  equal  to  the 
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dilatation  occasioned  by  an  equal  and  opposite  strain, 
being  in  both  cases  proportional  to  the  modulus  of 
elasticity.  But  while  the  incumbent  weight  is  in- 
creased, the  power  of  resistance  likewise  augments, 
as  long  as  the  column  withstands  inilexure.  After 
it  begins  to  bend,  a  lateral  disruption  soon  takes  place. 
A  slender  vertical  prism  is  hence  capable  of  supporting 
less  pressure  than  the  tension  which  it  can  bear. 
Thus,  a  cubic  inch  of  English  oak  was  crushed  by 
the  load  of  only  3860  lb.,  but  a  bar,  of  an  inch  square 
and  5  inches  high,  gave  way  under  the  weight  of 
S57@  lb.  It  would  evidently  have  been  still  feebler 
if  it  had  been  longer.  On  the  other  hand,  if  the 
breadth  of  a  column  be  considerable  in  proportion  to 
its  height,  it  will  sustain  a  pressure  greater  than  its 
cohesive  power.  Thus,  though  the  cohesion  of  a  rod 
of  cast  iron,  of  the  quarter  of  an  inch  square,  is  only 
dOO  lb.,  a  cube  of  that  dimension  will  require  1440. 
lb.  to  crush  it.    . 

In  general,  while  the  resisting  mass  preserves  its 
erect  form,  the  several  sections  are  compressed  and 
extended  by  additional  weight,  and  their  repellent 
particles  are  not  only  brought  nearer,  but  multiplied. 
This  repulsion  is  likewise  increased,  by  the  lateral 
action  arising  from  the  confined  ring  of  detrusion. 
The  primary  resistance  becomes  hence  greatly  aug.. 
meuted,  in  the  progress  of  loading  the  pillar. 

The  most  precise  experiments  on  this  subject  are 
those  of  Mr  Rennie.     The  weights  required  to  crush 
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cubes,  having  the  dimension  of  the  quarter  of  an 
inch  of  certain  metals,  are  as  follow  : 

Iron  cast  vertically, ...^ „ 11,140  lb. 

IroD  cast  horizontally,  ..> „.,^^«..,>.m»^  10,110  lb. 

Cubes  of  an  inch  are  crushed  by  the  weights  below : 

v^raigieivii  freestone,  <»w»»»««ww»»i>«  »i»w»iwwwi»i«»—i>— »<«■»»<—  o,v9o  1D« 

Cubes  of  an  inch  and  a  half,  and  consequently 
presenting  a  section  of  9\  times  greater  than  the 
former,  might  be  expected  to  resist  compression  in 
that  ratio.  They  are  crushed,  however,  with  loads 
considerably  less. 

1  wJUCJnT     USULCU      Vri'wK,     #MMMMMM«iMWIMWIH«a*IM*l««MMWNMWMV«M«tWMM    JB,«B(W     XU« 
f  AA  VS     ft/n(^&*     ■«MMaMnM«aMnMiWM««*«a«««IMIWWnMW>MaMHIMMMWMW^MMK«MWWMnMMM    V,OwV    AU* 

Craigleith  stone,  with  the  strata,  .,,„,,,,,...^  15,500  lb. 
Ditto,  across  the  strata,  .........^  12,346  lb. 

White  Statuary  Marble,    13,632  lb. 

White- veined  Italian  Marble, ^ ^,.„ 21,783  lb. 

.  ■ 

Cornish  Grranite,  14,302  lb. 

Aberdeen  Blue  Granite,  .>..>■ „hi.^.w>^  24,536  lb* 
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These  facts  show  the  comparative  firmness  of  dif«- 
ferent  materials ;  but  it  is  to  be  regretted,  that  such 
results  are  not  of  much  practical  use,  since  they  are 
confined  to  a  very  narrow  scale,  and  applicable  only 
to  cubical  blocks.  While  the  breadth  remains  the 
same,  the  resistance  appears  to  depend  on  some  un- 
ascertained ratio  of  the  altitude  of  the  column.  Nay, 
the  absolute  height  itself  has  probably  a  material  in- 
fluence on  the  effect.  Thus,  from  some  experiments 
made  in  France,  it  appears,  that  prisms  of  seasoned 
oak,  two  inches  square,  and  two,  four  or  six  feet 
high,  would  be  crushed  by  the  vertical  pressures  of 
17,500  lb.,  10,500  Ib^  and  7,000  lb. ;  but,  if  four 
inches  square,  and  of  the  same  altitudes,  they  would 
give  way  under  loads  of  80,000  lb.,  70,000  lb., 
and  «50,000  lb.  In  the  first  set  of  trials,  the  mean 
cohesive  power  amounts  to  130,000  lb.,  and  in  the 
second  to  520,000  lb.  The  vertical  support  is  there- 
fore greatly  inferior  to  these  limits.  When  the 
length  of  the  pillar  exceeds  S6  times  its  breadth^  the 
resistance  to  longitudinal  compression  appears  to  be 
diminished  18  times.  Mr  Rennie  estimates,  that 
the  granite  which  composes  the  great  arch  of  the 
new  London  Bridge,  would  be  capable  of  supporting 
four  tons  upon  every  square  inch  of  its  upper  sur- 
face. 

• 

To  ascertain  the  form  of  a  vertical  column,  the 
best  fitted  to  support  a  load,  is  a  problem  in  archi- 
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tecture  of  very  considerable  difficulty,  which  seems 
to  involve  the  peculiar  structure  and  internal  com-> 
position  of  the  material.  If  the  pressure  were  ap- 
plied  to  the  extremity,  and  in  the  direction  of  the 
axis,  the  particles  under  it  would  become  condensed 
perpendicularly,  and  likewise  accumulated  towards 
the  sides.  The  repulsive  energy  opposed  to  the  in** 
cumbent  weight  would  come  to  be  augmented  by  a 
certain  oblique  or  lateral  action.  The  column  is 
therefore  made  to  swell  out  below,  the  curve  of  an 
ellipse  forming  the  preferable  outline,  though  the 
enlargement  of  the  diameter  at  the  bottom  seldom 
amounts  to  a  fourth  part.  Practice  has  varied,  how- 
ever, according  to  the  diflferent  perceptions  of  the 
beauty  of  form. 

If  the  centre  of  pressure  should  act  beyond  the 
axis,  it  must  evidently  have  a  tendency  to  bend  the 
column.  But  the  flexure  having  once  begun,  the 
deranging  influence  will,  from  the  property  of  the 
lever,  be  exerted  with  increasing  energy.  The  alti- 
tude of  a  column  thus  only  contributes  to  its  weak- 
ness. For  the  same  reason,  the  walls  of  a  house 
should  taper  towards  the  top,  forming  a  sort  of  in- 
verted wedge,  as  the  chief  strain  is  accumulated  near 
the  bottom. 

3.  Transverse  or  Lateral  Pressure.  In  estima- 
ting the  strain  occasioned  by  a  load  resting  upon  a 
horizontal  beam,  this  may  be  viewed  as  composed 
either  of  longitudinal  fibres,  which  oppose  a  greater 
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resistance*  if  set  on  its  edge,  than  when  laid  on  its 
face.  Suppose  the  beam  AB  (fig.  ISO.)  to  have  one 
end  firmly  implanted  in  a  wall  GH,  while  a  vertical 
pressure  is  applied  at  the  other  end.  This  beam, 
sinking  under  the  load  at  B,  may  be  copceived  to 
turn  on  the  lowest  point  at  A  as  a  fulcrum  ;  conse- 
quently the  particles  of  the  vertical  section  AC  will 
be  forced  into  the  oblique  position  AD,  each  of  them 
being  turned  aside  through  a-  space  proportional  to 
its  distance  from  A.  The  strain  exerted  at  the  end 
AC  will  therefore  be  the  result  of  the  aggregate  dis* 
locations  of  all  the  particles  of  the  section.  When 
the  breadth  and  length  of  the  beam  remain  the  same, 
this  accumulate  strain  must  evidently  be  proportional 
to  the  area  of  the  triangle  CAD,  and  consequently 
to  the  square  of  the  depth  AC.  But  when  the 
breadth  of  the  beam  is  taken  likewise  into  account, 
the  triangle  of  tension  becomes  converted  into  a 
wedge,  and  the  strain  hence  follows  the  direct  ratio 
of  that  breadth.  Omitting  the  weight  of  the  beam, 
and  assuming  its  depth  and  breadth  as  constant,  the 
tension  of  any  particle  at  C  may  be  considered  as 
acting  against  the  short  arm  AC  of  the  rectangular 
beam  CAB,  and  withstanding  the  load  suspended 
at  B.  The  weight  thus  resisted  by  the  cohesion  of 
the  beam,  is  therefore  inversely  as  the  length  AB. 
Combining  all  the  circumstances  now,  together,  we 
may  conclude,  that  the  strength  of  a  beam  firmly 
inserted  in  a  wall,  or  its  power  to  resist  a  pressure 
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at  its  remote  extremity,  is  compounded  of  the  direct 
ratios  of  its  breadth  and  of  the  square  of  its  depth, 
and  the  inverse  ratio  of  its  length.  Thus,  a  beam 
living  the  same  lepgth  and  breadth  as  another,  but 
twice  the  depth,  is  four  times  stronger ;  and  a  beam 
of  the  same  depth  and  breadth,  and  double  the 
length,  is  only  half  as  strong.  Hence  also,  a  beam, 
whose  depth  is  triple  its  width,  will  sustain  a  load 
three  times  greater.  For  the  same  reason,  a  square 
prism  will  have  its  strength  inversely  as  its  length 
and  the  pube  of  its  thickness. 

In  general,  the  resistance  of  a  beam  of  any  form, 
but  of  a  given  length,  to  a  cross  strain,  will  be  the 
same  as  if  the  whole  power  exerted  were  collected  in 
*  the  centre  of  gravity  of  each  section.  Thus,  the 
strain  o£  a  triangular  prism  may  be  conceived  as  con- 
centrated  in  a  point  at  one4hird  of  the  distance  of 
the  perpendicular  from  the  vertex  to  the  base.  Such 
a  prism  is  therefore  twice  as  strong  set  on  its  edge  as 
when  laid  on  its  side. 

This  simple  investigation,  which  we  owe  to  the  il- 
lustrious Galileo,  though  partly  hypothetical,  may  be 
regarded  as  a  near  approximation  to  the  truth.  It 
is  not  only  of  essential  service  in  improving  the  prac- 
tice  of  carpentry,  but  sheds  a  clear  light  over  the 
economy  of  nature  in  the  structure  of  animals  and 
vegetables.  Reeds  and  other  herbaceous  plants  de« 
rive  their  power  of  resisting  the  force  of  the  wind 
from  the  subdivision  of  their  length  into  moderate 
intervals  by  hard  knots.    But  they  acquire  still  great- 
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er  strength  from  their  hollow  or  tubular  ^orm  ;  for 
the  matter  which  they  contain,  being  thus  removed 
to  a  greater  distance  from  the  fulcrum,  exerts  its  co- 
hesion with  proportionally  more  effect,  in  withstand- 
ing any  lateral  impulsion.  The  bones  of  animals 
are  likewise  rendered  much  stronger  by  their  fistular 
structure^  and  their  partition  into  short  members 
connected  by  large  compact  joints.  Hence,  in  the 
construction  of  fine  mechanical  and  astronomical  in- 
struments, hollow  brass  cylinders  are  now  preferred, 
on  account  of  their  stiffness  and  lightness,  to  solid 
pillars. 

If  a  beam  be  supported  horizontally  at  both  ends, 
and  loaded  in  the  middle,  the  pressure  will  be  equal- 
ly shared  between  the  props,  and  the  effect  must  evi- 
dently be  the  same  as  if  it  had  been  fixed  at  the  mid- 
dle, and  each  end  pulled  upwards  by  half  its  load. 
The  breaking  weight  is  consequently  double  of  what 
would  be  required  to  tear  a  beam,  of  half  the  length, 
implanted  in  a  wall.  According  to  the  principle  of 
Galileo,  therefore,  this  limit  is  inversely  as  the  length 
of  the  beam,  and  directly  as  the  breadth  and  the 
square  of  the  depth. 

This  result  is,  on  the  whole,  confirmed  by  the  nu- 
merous experiments  which  the  celebrated  Buffon  per- 
formed between  the  years  17S8  and  1746.  Thus, 
reducing  all  the  quantities  to  English  measures,  an 
oaken  beam,  4  inches  square  and  10  feet  long,  broke 
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under  the  weight  of  4015  lb. ;  and  another  beam  of 
the  same  wood  8  inches  square  and  SO  feet  long,  was 
broken  by  a  load  of  16,700  lb.  The  latter,  being 
twice  as  thick,  should  have  been  eight  times  stronger 
with  the  same  length  ;  but  the  length  being  doubled, 
again  reduced  the  excess  to  four  times*  Now, 
4X4015=16,060,  or  very  nearly  16,700.  Beams  of 
5  inches  square,  and  of  7^  14,  and  S8  feet  long,  were 
broken  with  loads  of  16,060  lb.,  7460lb*,  and  24721b., 
being  nearly  inversely  as  the  respective  lengths.  In 
general,  if  a  denote  the  depth,  b  the  breadth,  and 
/  the  length  of  a  beam  of  oak  in  feet,  those  experi- 
ments will  be  represented  with  tolerable  accuracy  by 

the  formula  TV)  1,200,000  lb.     If,  instead  of  a 

load  exerted,  the  weight  of  the  beam  itself  be  sup- 
posed to  act  at  half  the  distance,  then,  52  lb.  being 

the  weight  of  a  cubic  foot  of  oak,  -j-j  iz  1,200,000 

=  52aW,  or  /*  =  46923^  and  /  =  217  ^/  a.  A 
horizontal  plank  of  oak,  3  inches  deep,  and  108  feet 
long,  would  hence  sifik  under  its  own  weight. 

The  same  agreement  may  be  remarked  in 
Mr  Ronnie's  experiments  on  the  transverse  strain  of 
cast-iron  bars  32  inches  long,  and  9^  lb.  weight. 
Thus,  a  bar  of  an  inch  square,  resting  on  horizontal 
props  at  its  end,  bore  a  load  of  1086  lb.  at  the  mid- 
dle, yet  the  half  of  it  supported  2320,  or  a  little  more 
than  double.     Another  bar  of  the  same  weight,  but 
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2  inches  deep,  and  lialf  an  inch  thicks  sustaineil,  at 
the  same  interval  between  the  props,  likewise  the 
double,  or  2186  lb.  Now,  this  bar  had  its  strength 
quadrupled  by  doubling  the  depth,  but  reduced  again 
to  the  double  by  the  bisection  of  its  breadth.  A  bar 
of  still  the  same  section,  but  having  a  depth  of  d  in* 
ches  combined  with  a  breadth  of  one-third  of  an  inch, 
supported,  as  might  be  expected,  three  times  the  load 
borne  by  a  square  inch  bar,  or  3588  lb.  X  har 
which  had  an  equilateral  triangle  of  an  inch  for  its 
siBCtion  sustained  the  weight  of  840  lb.  when  plant- 
ed on  its  angle ;  but  when  rested  on  its  base,  it  bore, 
as  theory  would  indicate,  1437  Ih.,  or  very  nearly  the 
double. 

If  the  dimensions  of  a  rectangular  bar  of  cast  iron 
be  ^Lpressed  in  feet,  a,  by  and  /,  denoting  as  before 
the  depth,  breadth  and  length ;  those  experimental 
deductions  will  be  represented  with  sufficient  preci- 

sion  by  the  formula,  (%--\  5,000,000  lb. 

From  these  principles,  we  derive  the  solution  of  a 
useful  problem  in  carpentry,— to  cut  the  strongest 
rectangular  beam  out  of  a  given  cylindrical  tree. 
This,  it  may  be  shown,  will  be  effected,  by  making 
the  square  of  the  depth  of  the  beam  double  the  square 
of  its  breadth.  An  easy  construction  is  hence  ob- 
tained. Let  AB  (fig.  1S7.)  be  an  oblique  diameter 
of  a  circular  section  j  trisect  it  in  the  points  C  and 
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D,  draw  the  opposite  per[)en'diciilars  ED  and  FC, 
and  complete  the  rectangle  AEBF,  which  will  re- 
present the  end  of  the  beam.  For  it  may  be  proved, 
that,  of  all  the  rectangles  which  could  be  inscribed 
in  the  given  circle,  the  one  now  determined  gives  the 
solid  IXt'.GH,  expressing  the  strength  of  any  see- 
tion,  a  maximum. 

Suppose  a  beam  AB  (fig.  128.)  laid  in  a  hoA- 
zontal  position  upon  two  props,  had  a  load  applied 
at  an  intermediate  point  C.  From  what  was  de* 
nionstrated  in  Statics,  the  pressure  must  be  shared 
between  those  props  in  the  inverse  ratio  of  its  dis* 
tance  from  them.  The  pressure  exerted  at  B  may 
therefore  be  represented  by  AC,  and  the  effect  is 
just  the  same  as  if  the  extremity  B  were  pushed  up- 
wards by  a  force  AC.  Hence  the  strain  at  C,  com- 
municated by  the  lever  BC,  is  as  the  rectangle  under 
AC  and  BC,  the  two  segments.  If  a  semicircle 
were  described  upon  AB,  the  square  of  the  perpen- 
dicular CD  would  thus  be  proportional  to  the  strain 
at  C  ;  or  if  AB  be  bisected  in  O,  the  excess  of  the 
square  of  OA  above  OC  would  be  proportional  to 
that  strain. 

When  a  unifimn  horizontal  beam  AB  (fig.  128.) 
bends  merely  under  its  own  weight,  the  strain  ex- 
erted at  any  point  C  is  the  same  as  what  would  be 
produced,  by  half  the  weight  of  one  s^ment  BC 
acting  at  the  end  of  a  lever  equal  to  the  other  AC. 
It  is  obvious,  that  the  beam  must  press  equally  at 

r2 
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both  end.«»  and  that  the  Ibads  of  the  segments  AC 
and  BC  may  be  viewed  as  concentrated  at  their  mid- 
dle points  I  and  K.  Suppose  the  beam  were  sus- 
tained  at  C  by  an  opposite  pressure  from  below  ;  it 
would  now  be  held  in  equipoise  against  this  fulcrum 
by  vertical  forces  exerted  at  I  and  K,  which  are  there- 
fore inversely  as  CI  and  CK,  or  directly  as  BC  to 
AC.  The  weight  of  the  segment  BC,  acting  at  AI 
half  the  length  of  AC,— or  half  the  weight  of  BC 
acting  at  the  whole  length  AC,  will  hence  occasion 
half  the  strain  at  C,  which  results  from  the  aggre* 
gate  pressure  of  the  beam  itself,  the  other  half  being 
furnished  by  the  equal  effort  of  half  the  weight  of 
the  segment  AC  acting  at  the  distance  BC. 

In  the  hypothesis  of  Galileo,  the  prism  or  beam 
is  conceived  to  be  absolutely  inflexible,  and  to  give 
way  only  at  the  section  of  fracture.  But  all  mate- 
rials are,  at  least  within  certain  limits,  really  elastic, 
and  bend  progressively  under  an  increasing  load,  till 
they  finally  break.  To  determine  with  accuracy, 
therefore,  the  effect  of  lateral  or  transverse  pressure 
against  a  bar,  it  becomes  necessary  to  take  the  in- 
fluence of  incurvation  into  the  estimate. 

The  principles  of  Dynamics  show,  that  any  weight 
or  vertical  pressure,  acting  upon  a  small  portion  of 
an  elastic  plate,  is  to  the  longitudinal  strain  which  it 
occasions,  as  the  length  of  that  portion  to  the  radius 
of  curvature.     Thus,  if  Drf  (fig.  129*)  the  element 


NATURAL  PHICOSOPHY.  26l 

I 

of  the  curve,  represent  the  share  of  the  weight  which 
this  minute  part  sustains,  the  normals  DO  and  dO 
being  drawn,  the  common  distance  DO  of  the  centre 
of  .osculation  will  express  the  direct  tension  exerted 
at  C.  Any  inflected  beam  would  consequently  form 
itself  into  an  arc  of  a  circle,  if  the  action  of  the  pres- 
sure were  conceived  to  be  equally  distributed  over 
it.  In  that. case,  the  length  of  the  arc  would  be  to 
the  radius  of  its  circle,  as  the  whole  weight  borne  is 
to  the  uniform  longitudinal  tension. 

Suppose  a  thin  bar  (as  in  fig.  1^.)  to  have  one 
end  firmlyfixed  in  a  wall,  and  some  weight  attached  to 
the  other.  The  action  o{  this  power  in  bending  the 
plate,  will  evidently  not  be  diffused  equally  over  its 
length.  The  inflecting  energy  must,  from  the  pro- 
perty of  the  lever,  be  here  proportional  to  the  hori- 
zontal distance  of  any  point.  Consequently,  the 
curvature  or  degree  of  incurvation  at  D  will  vary 
with  the  ratio  of  D£.  The  plate,  therefore,  bends 
at  first  quickly,  then  more  slowly,  and  approaches  to 
a  straight  line  at  its  extremity  A.  Such  is  the  na- 
ture of  the  EtoMic  Curve^  which  has  its  radius  of 
curvature  DO  always  inversely  as  the  corresponding 
ordinate  D£. 

The  £lastic  Curve  at  its  origin  coincides  nearly 
with  an  Harmonic  Curve ;  but  if  its  inflexure  be 
small,  it  may  be  viewed  as  a  Cubic  Parabola,  the  dis- 
tance D£  or  FB  being  always  proportional  to  the 
cube  of  DF  or  BE. 
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If  the  projecting  plate,  however,  be  only  bent  by 
its  own  weight,  the  eflfect  of  this  pressure,  at  any 
points  will  evidently  be  the  same>  as  if  half  the  weight 
of  the  remote  portion  were  collected  at  the  end. 
Wherefore,  the  tension  ex^ed  at  D,  which  maifa 
the  incurvation,  being  produced  by  a  weight  DB  or 
D£  acting  on  the  lever  D£,  may  be  considered  as 
proportional  to  the  square  of  D£.  In  the  curve 
thus  formed,  the  ordinate  BE  will  hence  be  as  the 
fourth  power  of  the  absciss  BE.  It  might  also  be 
shown,  that  the  extreme  depression  caused  by  this 
dimmiahing  incurvation  is,  in  the  case  of  an  append* 
ed  load,  the  third  part ;  but  in  the  case  of  its  own 
weight,  only  the  sixth  part  of  what  an  extension  of 
the  same  curvature  from  the  fixed  end  would  have 
occasioned. 

When  a  horisontal  beam  ABC  (fig.  128.)  is  free* 
ly  supported  at  both  ends,  each  portion  of  it,  though 
pressing  equally  downwards,  must  yet  produce  a 
vertical  stress,  proportional  to  the  rectangle  under 
the  corresponding  segments,  and  consequently  the  ra- 
dius of  curvature  at  C  will  be  inversely  as  ACxCB^ 
or  the  square  of  CD.  Find  C£  a  third  propor- 
tional to  some  multiple  of  the  diameter  and  CDy 
and  connect  the  several  points  E  by  a  curve.  This 
curve  will  represent  very  nearly  the  form  which  the 
beam  would  spontaneously  assume.  The  depressioa 
C£,  being  hence  proportional  to  the  square  of  CD| 
wiU  express  the  effort  of  an  uniform  tension  to  with* 
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staad  the  lateral  stress.  This  same  line  C£  will 
nearly  mark  the  curvature  at  £,  which  thus  conti- 
nually diminiahes  or  flattens  fhmi  the  middle  point 
F  to  the  extremities  A  and  B.  The  curve  hence 
traced  approximates  to  the  Harmonic  Curve,  which 
likewise  has  an  equable  tension,  its  graduating  cur- 
vature being  prop<»tional  to  the  ordinates. 

If  we  view  this  curve  as  only  slightly  bent  from  its 
honsontal  base,  and  estimate  the  amount  of  its  suc- 
cessive inflexions,  it  will  follow,  that  the  depression 
OF  of  the  middle  of  the  bar  is  equal  to  the  five-sixth 
parts  of  what  would  have  obtained,  had  the  same  cur- 
vature extended  through  the  whole  length.  From 
the  actual  d^ression,  therefore,  the  radius  of  oscu- 
lation is  easily  computed.  Thus,  in  fig.  ISO,  if  the 
incurvation  of  the  beam  were  uniform,  the  radius  of 
its  circle  would  be  equal  to  the  square  of  HB,  di- 
vided by  double  the  correspondii^  depression.  But 
the  real  depreission  HK  being  only  five-sixths  of  that 
quantity  ;  wherefore  the  radius  of  osculation  at  H 

5      HB*       5HB*        5AB*  ,  ,    . 

=  e  ^iHK  =12HK  =48HE:'  ^^  ^^^^  *^^^" 
times  the  square  of  the^  length  of  the  beam,  divided 
by  forty^^ight  times  its  middle  depression. 


In  the  case  of  an  horizontal  beam  supported  at 
both  ends,  but  depressed  by  its  own  weight,  the  up- 
per sur&oe  becomes  concave,  and  the  under  surface 
convex.     The  particles  of  the  upper  surface  £F  (fig. 


264*  ELEMENTS  OF 

ISO.)  are  therefore  mutually  condensed,  while  those 
of  the  under  surface  CD  are  distended  ;  in  a  certain 
intermediate  curve  AB,  the  particles  are  not  afiected 
longitudinally,  though  bent  from  their  rectilineal 
position.  This  curve  of  neutral  action  may  be  as- 
sumed in  the  middle  of  the  beam.  The  attractive 
effort  of  the  particles  stretched  over  the  under  surface 
CD  to  approximate  and  regain  their  usual  position, 
produces  a  vertical  thrust  measured  by  the  radius 
GO.  On  the  other  hand,  the  repulsion  exerted  by 
the  particles  compressed  along  the  upper  surface  EFy 
occasions  a  perpendicular  detrusion  marked  by  the 
radius  10.  The  excess  GI  of  the  former  force  above 
the  latter,  therefore,  indicates  the  weight  which 
would  be  sustained  at  I,  by  the  predominating  action 
of  the  lower  surface. 

If  M  denote  the  modulus  of  elasticity,  it  is  evi. 
dent,  that  the  longitudinal  tension  of  the  fibre  GD 

•11  k  A>r    GL       „  GH       ^  48GH.HK    ^  , 
willbeM.  L5  =  M.  Qjj  =  M.  -^^jg^- ;  but 

the    vertical    thrust    produced    by   the    strain    is 

M.  —    >  p^ — .     Of  this,  the  variable  part  GH*, 

or  the  square  of  the  distance  from  the  neutral  position 
H,  represents  the  element  of  the  momentum  of  the 
triangle  GHL>  which  may  be  considered  as  accumu- 
lated in  the  centre  of  gravity.  The  whole  amount 
then  of  the  expression,  taking  the  action  of  the 
fibres  equally  distant  on   either  side  from    H,   is 
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M.- — TTW — '     Now,  this  effort  is  equal  to  the 

pressure  which  would  be  produced  by  the  weight  of 
HD,  or  the  fourth  part  of  the  beatai,  acting  at  a  dis- 
tance HB;  whence  M. — -g-rm — =GH,HD*,  or 

M.??^5^K  =  HDS  and  doubling  GH  and  HD, 

„82GI*HK     .^'      .      .        xvr        5AB* 
M. — jTFoi — =AB*;  wherefore,  M  = 


5AB*     -^^      '         ' 32G1^HK• 

The  modulus  of  elasticity  may  thus  be  found,  In/  di- 
vidinffjtve  times  the  fourth  power  of  the  length  of 
a  heam/ij  by  thirty 4,wo  times  the  prodtict  of  its  spon- 
taneous depression  into  the  square  of  the  depth. 

In  the  Eocperimental  Inquiry  into  the  Nature  of 
Heat,  it  is  incidentally  observed,  that  a  white  deal 
138  inches  long,  and  .45  of  an  inch  deep,  suffered 
a  depression  of  2^  inches,  by  its  own  weight.    Here 

^'=S2(^Wy  ""^^^^  ^°  ^'^"''^  numbers  is 
111,936,000  inches,  or  9,328,000  feet.  Hence  the 
spontaneous  depression  of  any  horizontal  beam  is  di- 
rectly as  the  fourth  power  of  its  length,  and  inrerse- 
1y  as  the  square  of  its  depth.  Thus,  a  fir  plank  of 
10  feet  long,  and  1  inch  deep,  will  bend  f^^jth  of  an 
inch  ;  another  of  the  same  depth,  but  20  feet  long, 
would  bend  4.8  inches  ;  while  a  third  beam,  of  still 
the  same  depth,  but  30  feet,  would  sink  no  less  than 
24.3  inches.    If*  this  beam  had  the  depth  of  3  inches. 
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the  depression  would  be  diminished  nine  times,  and 
would  still  have  been  three  times  less  than  the  pro- 
portion of  the  g^eral  dimensions.  The  depression 
of  a  beam  hence  increases  faster  than  its  length. 

It  likewise  follows,  that  the  radius  of  spontaneous 
curvature  is  directly  as  the  square  of  the  depth,  and 
inversely  as  the  square  of  the  length.  Similar  beams, 
therefore,  assume  always  the  same  curvature. 

The  spontaneous  depression  being  in  most  cases 
very  small,  the  Modulus  of  Elasticity  may  be  com- 
puted more  .easily  and  correctly,  from  the  aug* 
mented  depression  occasioned  by  suspending  a  load 
at  the  middle  of  the  beam.  Let  \  denote  the  length 
of  ^  bar  of  an  inch  square  that  weighs  one  pound,  / 
expressing  the  length  of  the  beam,  and  a  its  depth 
in  inches.     The  weight  of  the  beam  corresponding 

to  the  breadth  of  an  inch,  is  hence  =  ---»  and  the 

fourth  part  of  this,  or  — ,  applied  at  the  middle, 

would  produce  the  same  strain  and  incurvation  as  the 
mere  pressure  of  the  beam.     Putting,   therefore, 

«  ==  — ,  or  i  =  —  m  the   equation   M  = 


where  d  indicates  the  depression,  and  it  becomes 

M  =    -^  .  ,  —  - — ■^.     L^et  r  =  --   express    the 
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value  of  'the  modulus  of  elasticity  in  pounds,  or  the 
weight  of  a  bar  of  an  inch  square,  and  of  tlie  altitude 

of  that  modulus ;  then  P  =  ^   ,^, 

When  the  length  and  depth  of  the  beam  remain 
..  the  same,  the  depression  being  inversely  as  the  ra« 
dius  of  curvature,  will  evidently  be  directly  proper* 
tional  to  the  load  supported  by  the  strain.  The  for- 
mula now  given,  in  strictness,  though  applicable  only 
to  the  case  where  the  weight  was  equal  to  that  of 
the  fourth  part  of  the  beam,  is  hence  quite  general. 
As  an  exemplification,  an  experiment  of  Mr  EbbePs 
may  be  taken.  A  bar  of  cast  iron  exactly  an  inch 
square,  and  supported  at  the  interval  of  3  feet,  suf- 
fered a  depression  of  i^ths  of  an  inch,  from  a 
load  of  308  lb.,  suspended  at  the  middle.     Here 

P  =  -^ — -^-j- — '   equal    in    round   numbers   to 

47,900,000  lb.  Another  bar  of  the  same  dimen- 
sions, but  supported  at  the  interval  of  34t  inches, 
seems  to  have  been  carefully  observed  by  Mr  Tred- 
gold.  With  a  load  of  80  lb*,  it  bent  9\;th  of  an 
inch,  with  180  lb.  ^xs,  and  with  880  lb.  ^ ;  the  de- 
pressions being  thus  very  nearly  proportional  to 
weights^  till  the  elasticity  began  to  give  way.     Here 

P  =  ^-M^=  «,e74.0OO  lb. 

,  Since  P.  is  constant  in  bars  of  the  same  materials, 
it  follows,  that  the  depression  is  directly  as  the  cube 
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of  the  length,  and  inversely  as  the  cube  of  the  dep^. 
When  the  breadth  is  increased,  a  proportionally 
greater  weight  is  required  to  produce  the  same  de- 
gree of  depression,  which  is  therefore  inversely  as  the 
breadth  of  the  bar.  These  results  are  sufficiently 
confirmed  by  the  experiments  of  Buffon,  and  the  re- 
cent observations  o£  Dupin  and  Barlow.  Thus,  of 
oaken  beams  of  5.35  inches  square,  one  of  7^  feet 
bent  S.67  inches,  under  a  weight  of  12,400  lb. ; 
another  of  15  feet  long,  bent  8*7  inches,  under 
5.700  lb. ;  and  a  third  of  SO  feet  long,  bent  21 .7 
inches,  under  1910  lb.  Now,  if  the  second  beam  had 
been  loaded  as  much  as  the  first,  the  depression  would 
have  augmented  eight  times,  and  amounted  to  17*36; 
but  diminished  again  in  the  ratio  of  12,400  to  5,700, 
gives  8  inches,  difiering  very  little  from  8.7*  Again, 
the  third  beam,  if  loaded  as  much  as  the  second, 
would  have  sunk  8x8.7  or  69.6  inches;  but  this 
quantity  is  reduced  to  one-third  or  23-2  inches, 
from  the  inferior  weight  sustained.  The  discrepancy 
is  inconsiderable,  and  owing  to  that  irregularity 
which  pi^ecedes  the  rupture  of  cohesion* 

Another  example  may  suffice.  A  beam  of  4.28 
inches  square,  and  12,86  feet  long,  was  bent  7.5 
inches  under  a  load  of  3,228  lb.,  while  another  of 
the  same  length  and  thickness,  but  double  the 
breadth,  was  bent  3.16  inches  under  12,068  lb. 
The  depression  under  the  same  weight  should  have 
been  only  .9375  inches,  or  eight  times  less,  and  this. 
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augmented  in  the  ratio  of  3,228  to  12,068,  gives  3.8, 
not  materially  different  from  3.16. 

M^en  the  load  depressing  a  horizontal  beam  is  in- 
creased till  the  under  side  becomes  overstrained,  or 
its  particles  are  distended  beyon'd  a  certain  limit, 
their  elasticity  is  then  destroyed,  and  a  fracture  en- 
sues. This  disunion  commences  at  both  the  sur- 
faces, being  produced  equally  by  the  tearing  of  the 
particles  or  fibres  of  the  under  layer,  and  by  the 
crushing  of  those  of  the  upper  one.  Let  the  limit 
of  cohesion  be  the  n^^  part  of  the  length  of  any  line 
or  chain  of  particles  ;  the  radius  of  cui*vature  OH, 
at  the  moment  of  disruption,  must  hence  be  equal 

to  w.GH,  or  TT.GI.     But  OH  =  rprfTrrf  and  con- 

2  48HK 

sequently  ^.Tiy=n.GI,  or  5AB*=  24n.GI.HK, 

Hence,  likewise,  n  =      v^^  ^^.      Thus,   in   the 

example  already  quoted,  where  a  bar  of  cast  iron  of 
an  inch  square,  bent  one-fifth  of  an  inch,  and  then 

broke,  w=  '^-,-=^  — Srr^  =  1204  ;  or  the  cohe- 

24.^  24  ' 

sion  of  the  upper  and  under  surfaces  was  destroyed, 

when  their  contraction  or  distension  came  to  exceed 

this  portion  of  the  whole  length.     Now,'  though  n 

may  vary  in  different  instances,  even  from  150  to 

1500,  it  is  always  constant  in  reference  to  the  same 

material.     Hence  the  square  of  the  length  of  a  beam 
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is  in  the  compound  ratio  of  the  depth,  and  of  the 
quantity  of  depression  which  precedes  fracture. 
Hence,  likewise,  when  the  length  remains  the  same, 
this  final  depression  is  inversely  as  the  depth  of  the 
beam.  Thus,  Mr  Barlow  found  a  fir  batten,  2  feet 
long  and  an  inch  deep,  to  break  with  a  depression  of 
1.25  inches,  while  another  of  the  same  depth,  but  3 
feet  long,  sunk  2.6  inches  before  it  broke.  Now,  the 
square  of  2  is  to  that  of  S,  or  4  to  9,  as  1,25  to  2.8, 
differing  very  little  from  2.6.  Again,  the  depression 
preceding  the  fracture  of  a  fir  batten,  3  feet  long 
and  2  inches  deep,  was  only  1.12,  being  nearly  the 

half  of  2.6. 

But  the  breaking  load,  or  the  transverse  pres- 
sure  which  would  overcome  the  strength  of  a 
beam,  may  be  derived  from  the  same  principles. 

Resuming  the  former  notation  35^= P»  ^^^  sub- 

stituting  24^.ad  for  /*,   the  expression  becomes 

_mnMdM>^^     Wherefore,   ir=  %. %^ .  P, 

and  since  P  is  constant,  the  strength  of  the  beam, 
or  the  weight  which  it  is  capable  of  sustaining,  is 
directly  as  the  square  of  its  depth,  nnd  inversely  as 
its  iMigCH.  This  power  of  resistance  must  also  be 
directly  proportional  to  its  breadth.  The  conelu- 
sion^  are  hence  the  same  as  those  of  Galileo. 

Suisse  the  beam  were  a  square  prism,  having  a 
for  its  side  and  I  for  its  length ;  the  strength  would 
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then  be  denoted  by-^j-  •  P,  being  thus  as  the  cube 

of  its  thickness.  From  the  same  principles,  it  might 
be  shown,  that  the  transverse  strength  of  a  cylinder  is 
only  two-thirds  of  that  of  a  square  prism  of  the  same 

thickness,  and  is  consequently  denoted  by-^.P.  In 

the  case  of  a  hollow  cylinder,  let  a'  express  the  dia- 
meter of  the  internal  cavity,  and  the  resistance  of  the 

8P 

tistular  column  will  be  represented  by  qT-(«'— «'0- 

If  the  matter  were  ^  condensed  into  a  solid  cy- 
linder,    the    strength    would    be     reduced      to 

8P  /'  '\i 

-j-(  a*—<i^*  j  •     Suppose  the  hollow  part  to  have 

nine-tenths  of  the  diameter  of  the  cylinder,  the 
strength  would  be  diminished  in  the  ratio  of  1  to 
1— (.9)^  or  .271 ;  but  had  this  tuBe  been  formed 
into  a  solid  rod,  the  strength  would  have  amounted 
only  to  .08.  A  cylinder  having  half  its  core  hol- 
lowed oi|t»  should  be  rendered  an  eighth  part  weak- 
er, which  agrees  with  an  experiment  of  Barlow. 

The  lateral  strength  of  any  beam  thus  depends 
mainly  on  the  distance  and  cohesion  of  the  upper 
aad  under  surfaces.  Whatever  stiffens  the  exterior 
layers,  contributes  greatly  to  strengthen  the  whole. 
A  small  indsion  drawn  across  the  under  side  weak- 
ens a  bar  essentially ;  while  a  notock  cut  near  the 
middle  of  the  upper  side  will  uQt  impair  the  strength. 
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but,  if  filled  up  with  a  harder  material,  will  even 
sensibly  augment  it.  Thus,  Duhamel  found,  that  a 
bar  of  willow,  cut  through  one-third^its  depth,  the  cut 
being  filled  up  with  a  thin  slip  of  hard  wood,  waa 
thereby  rendered  about  one-sixth  part  stronger  than 
before.  It  was  even  remarked,  that  the  incision 
could  be  carried  much  farther,  without  injuring  the 
strength  of  the  bar. 

The  last  application  of  the  strength  oT  any  mate- 
rial, consists, 

4.  In  its  resistance  to  the  effort  of  twisting  or 
torsion.  A  cylindrical  body  suspended  vertically, 
but  having  its  upper  end  fixed,  may  be  wrenched 
or  turned  round  through  any  angle,  by  the  exertion 
of  some  lateral  force ;  and  if  its  elasticity  be  not  thus 
impaired,  it  will,  after  the  deranging  influence  has 
ceased,  return  to  its  former  position,  and  perform 
this  retrocession  in  a  certain  time.  Many  substances 
may  be  considered  as  only  bundles  of  parallel  fibres, 
which  by  twisting  exert  an  augmented  longitudinal 
force.  It  will  be  more  accurate,  however,  to  view 
materials  in  general  as  composed  of  particles  equally 
distributed  through  the  mass.  We  may  hence  con- 
ceive any  cylinder  to  consist  of  a  series  of  thin  discs, 
as  represented  in  fig.  131.  When  twisted,  each 
successive  disc  will  make  a  small  angular  advance, 
till  this  accumulation,  at  a  certain  distance,  amounts 
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to  a  complete  circuit,  and  such  revolutions  will  be 
irepeated  at  every  like  interval. 

Let  A  denote  the  total  angle  of  torsion^  and  A 
the  height  of  the  cylinder ;  the  angular  derange- 
ment of  any  disc,  as  in  fig.  132,  will  be  expressed  by 

A 

■J- .     I£d  represent  the  diameter  of  this  disc,  (P  will 

mark  the  number  of  particles,  and  consequently  £i?^ 

must  indicate  their  force  of  gyration.     The  torsion 

corresponding  to  the  angle  A  and  the  height  A,  is 

Arf* 
hence  denoted  by  -7— :    It  is  thus  directly  propor- 

Honai  to  the  angle  of  deviation  and  the  fourth 
power  of  the  diameter  of  the  cylindei\  andirwersefy 
as  its  height. 

This  result  is  confirmed  by  nice  experiments  on 
the  torsion  of  slender  metallic  cylinders  or  wires.  It 
hence  appears,  that  a  wire  of  half  the  thickness  is 
twisted  to  the  same  angle  with  the  l6th  part  of  the 
force,  and  a  wire  of  the  third  of  the  thickness  is 
twisted  to  the  same'  extent  with  only  the  81st  part 
of  the  force  ;  and  if  the  length  were  tripled,  943d 
part  only  of  such  force  would  be  required  to  produce 
the  effect.  From  a  comparison  of  several  experi- 
ments, it  appears,  that  the  weight  acting  at  the  dis- 
tance of  a  foot,  required  to  wrench  asunder  a  cy- 
linder of  an  inch  diameter,  and  3  inches  high,  is 
200  lb.,  and,  consequently,  the  power  of  any  other 

vot.  I.  s 


i 
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cylinder  to  resist  torsion  is  denoted  by  r-.600.    To 

twijBt  an  iron  wire  of  the  tenth  of  an  inch  diameter, 
and  10  inches  long,  complete  through  a  revolution, 
would  require  the  action  of  a  weight  of  80  grains  at 
the  distance  of  an  inch. 

A  fine  wire  will  bear  repeated  circumvolutiona, 
and  yet  return  to  its  original  position.  But  if  th^ 
exterior  particles  be  distrained  beyond  certain  limits^ 
then  cohesion  is  impaired  and  finally  dissolved* 
Within  those  limits,  however,  the  elastic  force  evol* 
ved  is  quite  regular  and  directly  proportional  to  the 
angle  described.  Hence,  under  the  same  circum^ 
ttanceS)  all  the  osdllations  of  a  contorted  wire  are 
perfectly  isochronous. 

The  power  of  torsion  being  denoted  by  j-,  and 

the  quantity  of  matter  in  each  disc  by  d^y  the  aece- 

d* 

lerating  force  is  -r-  i  whence  the  time  of  vibration^ 

when  the  wire  carries  merely  its  own  weight,  will  be 

^^*     But  if  the  wire  be  loaded,  by  a  cylinder 

whose  diameter  is  constant,  the  weight  W.  of  the 
mass  to  be  now  moved  will  greatly  diminish  the  ac-* 
celerating  energy.  Omitting,  therefore,  the  weight 
0^  the  wire  itself*  as  incpnjsiderable,  the  force  of  ac- 

celeration  will  be  denoted  by  rm*  and  hence  the 
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time  required  for  performing  an  oscillation  is  V        > 

From  the  observed  oscillations  again,  the '  power  of 
torsion  is,  by  an  inverted  process,  readily  computed. 
The  principle  of  torsion  was  happily  applied  by 
the  ingenious  Coulomb  to  the  construction  of  an  ex- 
quisite balance,  for  detecting  and  measuring  with  ac- 
curacy the  smallest  forces.  By  help  of  this  very  de- 
licate instrument,  he  investigated  the  laws  of  mag- 
netical  attraction  and  repulsion ;  and  a  similar  com- 
bination enabled  our  illustrious  countryman  Caven- 
dish to  determine,  in  the  seclusion  of  his  apartments, 
the  density  of  our  globe. 

All  machines  are  impelled,  either  by  the  exertion 
of  Animal  Force,  or  by  the  application  of  the  Powers 
of  Nature.  The  latter  comprise  the  potent  elements 
of  Water,  Air,  and  Fire.  The  former  is  more  com- 
mon, yet  so  variable  as  hardly  to  admit  of  calculation  j 
it  depends  not  only  on  the  vigoar  of  the  individual, 
but  on  the  different  strength  of  the  particular 
muscles  employed.  Every  animal  exertion  is  attend* 
ed  by  fatigue  ^  it  soon  relaxes,  and  would  speedily 
produce  exhaustion.  The  most  profitable  mode  of 
applying  the  labour  of  animals,  is  to  vary  their  mus^ 
cular  action,  and  revive  its  tone  by  short  and  frequent 
intervals  of  repose. 

The  decrease  of  animal  power  from  continued  ex*- 
ertion  is  exemplified  in   the  race-horse.     At  his 

s2 
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greatest  speed,  he  has  been  known  to  go  over  three 
miles  and  a  half  in  six  minutes, — ^at  the  rate,  there- 
fore, of  35  miles  an  hour,  or  50  feet  each  second. 
But  he  could  not  travel  more  than  20  miles  in  the 
course  of  an  hour,  or  perhaps  100  miles  during  a 
whole  day.  This  gradual  tendency  to  exhaustion  is 
more  precisely  ascertained  in  the  case  of  expert 
couriers.  A  swift  runner  may  spring  over  the  space 
of  150  yards,  at  the  rate  of  00  miles  an  hour,  or  28 
feet  each  second;  but  his  speed  is  reduced  to  21 
feet  in  passing  over  a  quarter  of  a  mile,  and  to  18^ 
feet  in  completing  the  whole  mile.  If  he  runs  over 
six  miles,  his  average  rate  of  going  will  oply  be  1 1 
feet  in  a  second  ;  and  to  travel  600  miles,  he  will 
take  ten  days,  which»  reckoning  half  the  time  to  be 
spent  in  rest,  gives  an  average  pace  of  7j  feet,  or 
about  the  fourth  part  of  the  swiftness  with  which  he 
could  start. 

The  ordinary  method  of  computing  the  effects  of 
labour  is,  from  the  weight  which  it  is  capable  of  ele- 
vating to  a  certain  height^  in  a  given  time^  the  pro- 
duct of  these  three  measures  expressing  the  absolute 
quantity  of  performance.  But  these  measures  have 
evidently  a  mutual  dependency^  which  in  all  cases 
brings  the  final  result  nearer  to  equality.  Thus, 
great  speed  will  occasion  a  waste  of  force,  and  abridge 
the  period  of  its  continuance.  It  was  reckoned  by 
Daniel  Bernoulli  and  Desaguliers,  that  a  man  could 
i:aise  two  mil^ons  of  pounds  averdupbis  one  foot 
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in  a  day.  But  our  civil  engineers  have  gone  much 
farther,  and  are  accustomed,  in  their  calculations,  to 
assume,  that  a  labourer  will  lift  ten  pounds  to  the 
height  of  ten  feet  every  second,  and  is  able  to  con- 
tinue such  exertion  for  ten  hours  each  day,  thus  ac- 
cumulating the  performance  of  3,600,000.  But 
this  estimate  seems  to  be  drawn  from  the  produce  of 
momentary  exertions,  under  the  most  favourable 
circumstances;  and  it  therefore  greatly  exceeds, the 
actual  results,  as  commonly  depressed  by  fatigue, 
and  curtailed  by  the  unavoidable  waste  of  force. 

Coulomb  has  furnished  some  of  the  most  accurate 
and  varied  observations  on  the  measure  of  human 
labour.  A  man  will  climb  a  stair,  from  70  to  100 
feet  high,  at  the  rate  of  45  feet  in  a  minute.  Rec- 
koning  his  weight  at  155  lb.,  the  animal  exertion 
for  one  minute  is  6,975,  and  would  amount  to 
4,185,000  if  continued  for  ten  hours.  But  such 
exercise  is  too  violent  to  be  often  repeated  in  the 
course  of  a  day.  A  person  may  clamber  up  a  rock 
500  feet  high  by  a  ladder-stair  in  twenty. minutes, 
and  consequently  at  the  rate  of  25  feet  each  minute  ; 
his  efforts  are  thus  already  impaired,  and  the  per' 
formance  reaches  only  3,875  in  a  minute. 

But,  under  the  incumbrance  of  a  load,  the  quan- 
tity  of  action  is  still  more  remarkably  diminished. 
A  porter  weighing  140  lb.  was  found  willing  to 
climb  a  stair  40  feet  high  266  times  in  a-day  ;  but 
he  could  carry  up  only  66  loads  of  fire-wood,  each 
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of  them  16S  lb.  weight.  In  the  former  case,  his 
daily  performance  was  very  nearly  1,500,000 ; 
while,  in  the  latter,  it  amounted  only  to  808,000. 
Tlie  quantity  of  permanent  effect  was  hence  only 
about  700,000,  or  scarcely  half  the  labour  exerted 
in  mere  climbing.  In  the  driving  of  piles,  a  load 
of  4S  lb.,  called  the  ram^  is  drawn  up  3^  feet  high 
20  times  in  a  minute  \  but  the  work  has  been  con- 
sidled  so  fatiguing  as  to  endure  only  three  hours  a* 
day.  This  gives  about  530,000,  for  the  daily  per- 
formance. Nearly  the  same  result  is  obtained,  by 
computing  the  quantity  of  water,  which  by  means  of 
a  double  bucket,  a  man  drew  up  from  a  well.  He 
lifted  S%  lb.  120  times  in  a-day  from  a  depth  of  ISO 
feet,  the  total  effect  being  518,400.  A  skilful  la- 
bourer working  in  the  field  with  a  large  hoe,  creates 
an  effect  equal  to  7^8,000.  When  the  agency  of  a 
winch  is  employed  in  turning  a  machine,  the  per- 
formance is  still  greater,  amounting  to  845,000. 

In  all  these  instances,  a  certain  weight  is  hea- 
ved up,  but  a  much  smaller  effort  is  sufficient  to  tran- 
sport a  load  horizontally.  A  man  could,  in  the 
space  of  a  day,  scarcely  reach  an  altitude  of  two 
miles  by  climbing  a  stair ;  though  he  will  easily 
walk  over  thirty  miles  on  a  smooth  and  level  road. 
But  he  would  in  the  same  time  carry  only  ISO  lb. 
to  the  fourth  part  of  that  distance,  or  7i  miles. 
Assuming  his  own  weight  to  be  140  lb.,  the  quan- 
tity of  horizontal  action  would  amount  to  42,768,000, 
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or  twe&ty-eight  thnes  the  vertical  performance ; 
but  the  share  of  it  in  conveying  the  load  is 
90f9Gh780j  or  dbout  thirty  times  what  was  spent  in 
its  elevation.  The  greatest  advantage  is  obtained 
by  reducing  the  burthen  to  120  lb.,  the  length  of 
journey  being  augmented  in  a  higher  ratio. 

These  results  are  apparently  below  the  aven^ 
labour  performed  in  Ikiglaitd,  which  is  not  only  most 
vigorous,  but,  inmanycases^  quite  overstrained*  Mo- 
derate exertion  of  strength,  joined  to  regularity  and 
perseverance,  would  be  more  conducive  to  robust 
health,  and  the  comfortable  duration  of  human  life. 
It  is  painful  to  remark,  that  English  labourers  are 
sooner  worn  out  than  those  of  most  other  nations. 

A  porter  in  London  is  accustomed  to  carry  a 
burthen  of  @00  lb.. at  the  rate  of  three  miles  an  hour. 
In  the  same  metropolis,  a  couple  of  Irish  chairmen 
continue  at  the  pace  of  four  miles  an  hour,  under  a 
load  of  8(X)  lb.  These  exertions  are  greatly  infe- 
rior, however,  to  the  labour  performed  by  the  sinewy 
porters  in  Turkey,  the  Levant,  and  generally  on  the 
shores  of  the  Mediterranean.  At  Constantinople, 
an  Albanian  will  earry  800  or  900  lb.  on  his  back, 
stooping  forward  and  assisting  his  steps  by  a  short 
staff.  At  Marseilles,  four  porters  commonly  carry 
the  immense  load  of  nearly  two  tons,  by  means  of 
soft  hods  passing  over  their  heads,  and  resting  on 
their  shoulders,  with  the  ends  of  poles,  from  which 
the  goods  are  suspended. 
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According  to  some  experiments  of  the  late 
Mr  Buchanan,  the  exertions  of  a  man  in  working  a 
pump,  in  turning  a  winch,  in  ringing  a  bell,  and  in 
rowing  a  boat,  are  as  the  numbers  100,  l67»  227» 
and  248.  But  those  efforts  appear  to  have  been  con- 
tinued for  no  great  length  of  time.  The  Greek  sea- 
men in  the  Dardanelles  are  esteemed  more  skilful 
and  vigorous  in  the  act  of  rowing,  than  those  of  any 
other  nation.  Even  the  Chinese,  by  applying  both 
their  hands  and  their  feet,  are  said  to  surpass  all 
people  in  giving  impulsion  to  boats  by  sculling. 

The  several  races  of  men  differ  materially  in 
strength,  but  still  greater  diversity  results  from  the 
constitution  and  habits  of  the  individual.  The  Eu- 
ropean is,  on  the  whole,  decidedly  more  powerful 
than  the  inhabitants  of  the  other  quarters  of  the 
globe;  and  man,  reared  in  civilized  society,  is  a 
finer,  robuster,  and  more  vigorous  animal  than  the 
savage.  In  the  temperate  climates,  likewise,  men 
are  capable  of  much  harder  labour,  than  under  the 
influence  of  a  burning  sun.  Coulomb  remarks^  that 
the  French  soldiers  employed  on  the  fortifications 
of  the  Isle  of  Martinique  became  soon  exhausted, 
and  were  unable  to  perform  half  the  work  executed 
by  them  at  home« 

The  most  violent  and  toilsome  exertion  of  hunuin 
labour  is  performed  in  Peru,  by  the  carriers  or  coT'^ 
gueraSi  who  traverse  the  loftiest  mountains,  and 
clamber  along  the  sides  of  the  most  tremendoua 
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preeipices,  with  travelldrs  seated  on  chairs  str^vped 
to  their  backs.  In  this  manner,  they  convey  loads 
of  twelve,  fourteen,  or  even  eighteen  stones ;  and 
possess  such  strength  and  action,  as  to  be  able  to 
pursue  their  painful  task  eight  or  nine  hours,  for 
several  successive  days.  These  men  are  a  vagabond 
race,  consisting  mostly  of  mulattoes,  with  a  mixture 
of  whites,  who  prefer  a  life  of  ^hardship  and  vicissi- 
tude to  that  of  constant,  though  moderate  labour. 

When  a  man  stands,  he  pulls  with  the  greatest  ef- 
feet ;  but  his  power  of  traction  is  much  enfeebled 
by  the  labour  of  travelling.  A  valuable  set  of  ex- 
periments on  this  subject,  made  by  Schultze  of  Ber- 
lin, seem  to  confirm  the  second  formula  proposed 
by  Euler.  It  may  hence  be  stated  generally,  that 
if  V  denote  the  number  of  miles  which  a  person  walks 
during  an  hour,  the  force  which  he  exerts  in  dragging 
a  load,  by  means  of  a  rope  passed  over  his  shoulders, 
will  be  expressed  in  pounds  averdupois  by  2(6 — v)*. 
Thus,  when  standing  still,  he  pulls  with  a  force  of 
about  72  lb. ;  but  if  he  walks  at  the  rate  of  two 
miles  an  hour,  his  power  of  traction  is  reduced  to 
32  lb. ;  and  if  he  quicken  his  pace  to  four  miles  an 
hour,  he  can  draw  only  8  lb.  There  is*  consequent- 
ly a  certain  velocity  which  procures  the  greatest  ef- 
fect, or  when  the  product  of  the  traction  by  the  ve- 
locity becomes  a  masdmum.  This  takes  place  when 
he  proceeds  at  the  rate  of  two  miles  an  hour.  The 
utmost  exertion  which  a  man  walking  might  conti* 


I ^ 


282  ELEMENTS  OP 

nue  to  make  in  drawing  up  a  weight  by  means  of  a 
pulley,  would  amount,  therefore,  in  a  minute,  only 
to  5,632 ;  but  if  he  applied  his  entire  strength, 
without  moving  from  the  spot,  he  could  produce  an 
efifect  of  12,672. 

The  labour  of  a  horse  in  a  day  is  commonly  rec- 
koned equal  to  that  of  five  men  ;  but  he  works 
only  eight  hours,  while  a  man  easily  continues  his 
exertions  for  ten  hours.  Horses  likewise  display 
much  greater  force  in  carrying  than  in  pulling  ;  and 
yet  an  active  walker  will  beat  them  on  a  long  jour- 
ney. Their  power  of  traction  seldom  exceeds  144 
pounds,  but  they  are  capable  of  carrying  more  than 
six  times  as  much  weight.  The  pack-horses  in  the 
West  Riding  of  Yorkshire  are  accustomed  to  tran- 
sport loads  of  420  lb.  over  a  hilly  country.  But,  in 
many  parts  of  England,  the  mill-horses  will  carry 
the  enormous  burthen  of  910  lb.  to  a  short  distance. 
The  action  of  a  horse  is  greatly  reduced  by  the  du- 
ration of  his  task.  Though  not  encumbered  at  all 
with  any  load  or  draught,  he  would  be  completely 
exhausted  perhaps  by  a  continued  motion  for  20 
hours  in  a  day.  The  rate  in  miles  each  hour,  which  a 
good  horse  could  thus  travel,  will  be  represented  near- 
ly by  the  formula  —  (20 — ^V,  where  t  denotes  the 

number  of  hours  during  which  he  trots  or  walks. 
Thus,  though  the  horse  might  start  with  a  celmty 
of  16  miles,  this  would  be  reduced  in  4  hours  to  IQJ, 
and  in  8  hours  to  5f .     Hence  the  great  advantages 
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resulting,  from  short  stages,  lately  adopted  for  the 
rapid  conveyance  of  the  mail. 

The  force  which  a  horse  exerts  in  pulling  is  dimi- 
nished likewise  by  the  quickness  of  his  pace.  A 
strong  horse  may  have  his  power  of  traction  express- 
ed, in  pounds  averdupois,  by  the  formula  (15—^)*, 
where  v  denotes  the  velocity  in  miles  daring  an  hour. 
But  (1*— r)*  will  represent  more  nearly  the  ordi- 
nary draught.  Thus,  a  horse  beginning  his  pull 
with  the  force  of  144  lb.,  would  draw  100  lb.  at  a 
walk  of  two  miles  an  hour,  but  only  64  lb.  when 
advancing  at  double  that  rate,  and  not  more  than 
36  lb.  if  he  quickened  his  pace  to  six  miles  an  hour. 
His  greatest  performance  would  hence  be  made  with 
the  velocity  of  four  miles  an  hour.  The  accumula- 
ted effort  in  a  minute  will  then  amount  to  2S,528. 

This  formula  gives  results  somewhat  greater  than 
the  performance  of  the  ordinary  horses,  employed  in 
tracking  along  the  English  canals.  They  generally 
go  at  the  rate  of  two  miles  and  a  half  in  an  hour,  with 
a  pull  of  only  81  lb.  But  in  several  places,  and  parti- 
cularly between  Manchester  and  Liverpool,  they  move 
at  only  half  that  pace,  and  therefore  exert  a  force  of 
104  lb.  The  measure  generally  adopted  in  compu- 
ting the  power  of  steam-engines  is  much  higher,  the 
labour  of  a  horse  being  reckoned  sufficient  to  raise^ 
every  minute,  to  the  elevation  of  one  foot,  the  weight 
of  3.3,000  lb.     But  this  estimate  is  not  only  greatly 
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exaggerated,  but  should  be  viewed  as  merely  an  ar- 
bitrary- and  conventional  standard. 

Wheel  carriages  enable  horses,  on  level  roads,  to 
draw,  at  an  average,  loads  about  fifteen  times  greater 
than  the  power  exerted.  The  carriers  between 
Glasgow  and  Edinburgh  transport,  in  a  single-horse 
cart,  weighing  about  7  cwt.,  the  load  of  a  ton,  and 
travel  at  the  rate  of  22  miles  a-day.  At  Paris,  one 
horse,  in  a  small  cart,  conveys  along  the  streets,  half 
a  cord  of  wood,  weighing  two  tons ;  but  three  horses 
yoked  in  a  line  are  able  to  drag  105  cwt.,  or  that  of 
a  heavy  cart  loaded  with  building  stones.  The  Nor- 
mandy carriers  travel,  from  14  to  22  miles  a-day, 
with  two-wheeled  carts,  weighing  each  11  cwt.,  and 
loaded  with  79  cwt.  of  goods,  drawn  by  a  team  of 
four  horses. 

The  French  draught  horses,  thus  harnessed  to 
light  carriages,  are  more  efficient  perhaps  than  the 
finer  breeds  of  this  country.  They  perform  very 
nearly  as  much  work  as  those  in  the  single  horse 
carts  used  at  Glasgow,  and  far  greater  than  those 
heavy  animals  which  drag  the  lumpish  and  towering 
English  waggons.  The  London  dray-horses,  in  the 
mere  act  of  ascending  from  the  wharfs,  display  a 
powerful  effort,  but  they  afterwards  make  little  ex- 
ertion, their  force  being  mostly  expended  in  tran- 
sporting their  own  ponderous  mass. 

Oxen,  on  account  of  their  steady  draught,  are 
in  many  countries  preferred  for  the  yoke.     They 
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were  formerly  employed  universally  in  the  various 
labours  of  husbandry.  The  tenderness  of  their 
hoofs,  however^  makes  them  unfit  for  pulling  on 
paved  roads,  and  they  can  work  only  with  advan-- 
tage  on  soft  grounds.  But  they  want  all  the  plian- 
cy and  animation,  which  are  the  favourite  qualities 
of  the  horse. 

The  patient  drudgery  of  the  ass,  renders  him  a 
serviceable  companion  of  the  poor.  Though  much 
inferior  in  strength  to  the  horse,  he  is  maintained  at 
far  less  cost.  In  this  country,  an  ass  will  carry  about 
two  hundred  weight  of  coals  or  limestone,  twenty 
miles  a-day.  But,  in  the  warmer  climates,  he  be- 
comes  a  larger  and  finer  animal,  and  trots  or  ambles 
briskly  under  a  load  of  150  pounds. 

The  mule  partakes  of  the  distinct  qualities  of  the 
ass  and  of  the  mare.  This  cross-breed  is  much  esteem-* 
ed  in  Italy  and  Spain,  being  equally  fit  for  draught 
and  burthen.  It  is  a  stronger  and  a  hardier  animal 
than  even  the  horse,  performs  longer  tasks,  is  less  sub- 
ject to  disease,  and  lives  to  double  the  age. 

In  the  hotter  parts  of  Asia  and  Africa,  the  pon- 
derous strength  of  the  elephant  has  been  long  turn- 
ed to  the  purposes  of  war.  He  is  reckoned  more 
powerful  than  six  horses,  but  his  consumption  of 
food  is  proportionally  greater.  The  elephant  carries 
a  load  of  three  or  four  thousand  pounds, — ^his  ordi* 
nary  pace  is  equal  to  that  of  a  slow  trot,— he  travels 
easily  over  forty  or  fifty  miles  in  a  day,  and  has  beeo 
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known  to  p^onii,  in  that  time,  a  journey  of  an 
hundred  and  ten  miles.  His  sagacity  and  intelli- 
gence direct  him  to  apply  his  strength  according  to 
die  exigency  of  the  occasion. 

The  camel  is  a  most  useful  beast  of  burthen  in 
the  arid  plains  of  Arabia.  The  stronger  ones  carry 
a  load  of  ten  or  twelve  hundred  weight,  and  the 
weaker  ones  transport  six  or  seven  hundred  ;  they 
walk  at  the  rate  of  two  miles  and  a  half  in  an  hour, 
and  march  regularly  about  thirty  miles  every  day« 
The  camel  travels  often  eight  or  nine  days,  without 
any  fresh  supply  of  water ;  when  a  caravan  encamps 
in  the  evening,  he  is  perhaps  turned  loose,  for  the 
space  of  an  hour,  to  browze  on  the  coarsest  herbage, 
which  serves  him  to  ruminate  during  the  rest  of  the 
night.  In  this  manner,  without  making  any  other 
halt,  he  will  perform  a  dreary  and  monotonous  jour- 
ney of  two  thousand  miles. 

The  dromedary,  a  small  species  of  camel,  though 
less  fitted  for  bearing  loads,  travels  with  great  speed, 
at  a  very  hard  trot,  which  is  extremely  fatiguing  to 
the  rider.  Yet  a  Bedouin  Arab,  mounted  upon  one 
of  tibose  animals,  lately  conveyed  an  express  from 
Cairo  to  Mecca,  a  distance  exceeding  7^0  miles,  in 
the  space  of  five  days. 

Within  the  Arctic  Circle  again,  the  rein  deer 
is  a  domesticated  animal,  not  less  valuable.  He  serves 
to  feed  and  clothe  the  poor  Laplander,  and  trans* 
ports  his  master  with  great  swiftness,  in  a  cover- 
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ed  sledge,  over  the  snowy  and  frozen  tracts.  The 
rein  deer  subsists  on  the  scanty  vegetation  of  moss 
or  lichens,  and,  though  very  docile^  he  is  not  power- 
iuL  Two  of  them  are  required  to  draw  a  light 
sledge :  but  so  harnessed,  they  will  run  fifty  or  six;ty 
miles  on  a  stretch,  and  perform  sometimes  a  journey 
of  a  hundred  and  twelve  miles  in  the  course  of  a 
day.     Such  exertions,  however,  soon  wear  them  out. 

A  sort  of  dwarf  camel  was  the  only  animal  of  bur- 
then possessed  by  the  aneient  Peruvians.  The  Lama 
is  indeed  peculiarly  fitted  for  the  lofty  regions  of 
the  Andes.  The  strongest  of  them  carry  only  from 
150  to  200  pounds,  but  perform  about  fifteen  miles 
a-day  over  the  roughest  mountains.  They  generally 
continue  this  labour  during  five  days,  and  are  then 
allowed  to  halt  two  or  three  days,  before  they  renew 
their  task.  The  Faco  is  another  similar  animal^ 
employed  likewise  in  transporting,  goods  in  that 
singular  country  ;  it  is  very  stubborn,  however,  and 
carries  only  frojn  fifty  to  seventy  pounds. 

The  stag-hound  is  capable  of  running  three  or 
four  hours  on  a  stretch,  and  at  the  rate  of  15  miles  an 
hour.  Masti£&  are  sometimes,  in  our  large  towns, 
made  to  assist  in  drawing  light  carts.  The  rough 
shaggy  dog  of  the  Esquimaux  is  a  most  hardy 
and  powerful  animal.  He  is  early  trained  by  those 
forlorn  tribes  to  carry  burthens,  and  generally  to 
drag  their  loaded  sledges  over  the  hard  but  uneven 
surface  of  the  snow.  The  dogs  are  harnessed  in  a  line. 
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sometimes  to  the  number  of  eight  or  ten,  and  they 
perform  their  task  with  great  rapidity,  steadiness,  and 
petiseverance.  They  can  draw  a  heavy  sledge  to 
a  considerable  distance,  with  the  swiftness  of  13  or 
14  miles  an  hour ;  but  they  will  travel  long  journeys 
at  half  that  rate,  each  of  th^m  pulling  the  weight  of 
ISO  pounds. 

Even  the  exertions  of  goats  have,  in  some  parts  of 
Europe,  been  turned  to  useful  labour.  They  are  made 
to  tread  in  a  wheel  which  draws  up  water,  or  raises 
ore  from  the  mine.  In  Holland,  the  young  goat, 
gaily  caparisoned,  is  yoked  to  the  ornamental  minia- 
ture chariots  of  the  children  of  the  wealthy  burghers. 
Though  a  very  light  animal,  the  goat  is  nimble, 
and  climbs  at  a  high  angle.  Supposing  this  soar- 
ing creature,  though  only  the  fourth  part  of  the 
weight  of  a  man,  to  march  as  fast  along  an  ascent  of 
40  degrees,  as  he  does  over  one  of  18  degrees, — 
the  sine  of  the  former  being  double  that  of  the  latter, 
^—it  must  yet  perform  half  as  much  work. 
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VI,    HYDROSTATICS 

%liplaiiis  the  Equiiibrittm  and  Pressutd  of  Flukif. 
It  ifi,  indeed,  only  the  ap{>lication  of  the  principlefe 
of  Station  to  the  peculiar  coniititiition  of  fltiids. 
Every  substance  appears  to  be  ocnnposed  of  an  m- 
sembk^e  of  atoms,  connected  together  by  a  systeth 
of  mutual  attraction  and  repulsion.  In  solid  bo- 
dies, these  integrant  molecules  a£fect  a  certain  ar- 
rangement, and  resist  every  dhange  of  figure.  Bat 
Kuids  are  distinguished,  by  4he  loose  aggregation  df 
their,  particles,  which  yield  to  the  smallest  external 
impression^ 

This  indifference  of  the  particles  to  arrsngefifH^ht 
tit  configuration,  is,  howerer,  insufficient  alon^  to 
institute  Fbiiditp.  The  disintegration  of  a  SdM 
approximates  it  to  such  a  property,  but  without  con- 
ferring at  all  the  distinctive  character  of  a  Fluid. 
When  a  solid  body  is  reduced  to  H  very  thin  plane, 
it  will  easily  fold  up  in  one  direction ;  if  it  be  di- 
vided into  slender  filaments,  It  will  bend  evei^  wi^ 
(heely,  and  still  betray  no  dispositidh  to  fractun§. 
Crumbled  to  dust  oi*  powder,  the  aggregate  parti- 
cles now  ^ive  way  to  any  external  ftrce,  yet  with- 
^rat  diffiising  this  impression  through  the  mass. 

VOL.  I.  T 
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Among  such  detached  portions  of  matter,  there  ex- 
ists no  sympathy  or  mutual  concatenation. 

A  solid  body,  subjected  to  a  compressing  force, 
undergoes  a  proportional  contraction,  but  recovers 
its  volume  after  this  contraction  is  withdrawn.  But 
if  the  compression  be  urged  beyond  a  certain  limit, 
the  substance  will  be  crushed  under  the  load,  and 
will  suffer  a  complete  dissolution.  A  fluid,  how- 
ever, inclosed  in  the  chamber  of  a  very  strong  me- 
tallic vessel,  is  found  to  be  capable  of  withstanding 
the  greatest  pressure  we.  can  command,  while  its 
contractions  are  comparatively  more  extensive  ;  and 
it  always  returns  with  unimpaired  vigour  to  its  for- 
mer condition,  the  moment  that  such  external  force 
has  ceased  to  act.  The  constitution  of  a  fluid  re- 
mains unaltered  under  the  most  enormous  loads^  and 
its  several  portions  at  all  times  separate  and  reunite 
with  extreme  facility.  Whether  the  fluid  has  a  li- 
quid, or  assumes  a  gaseous,  form,  it  can  equally  bear 
any  compression,  the  corresponding  contraction  in 
the  latter  being  only  much  greater  than  in  the  for- 
mer. 

If  the  minutest  subdivision  of  a  Solid  really  con- 
tributes  nothing  to  Fluidity,  neither  will  any  suppos- 
ed smoothness  or  globular  shape  of  the  particles  con- 
fer that  character.  Exact  spherules  might  procure 
lubricity  on  a  plane,  but,  among  one  another,  they 
will  become  implanted,  and  affect  certain  configura- 
tions, as  manifested  in  the  common  piling  of  round 
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sliot. .  The  absolute  contact  of  the  particles  is  be- 
sides inadmissibiey  since  all  bodies  whatever  seem  to 
be  capable  of  indefinite  condensation. 

But  Fluidity  occurs  in  very  different  degrees^ 
Any  disturbing  impression  is  more  quickly  obeyed 
by  one  liquid  than  by  another ;  by  water,  for  in* 
stance,  than  by  oil  or  treacle.  All  the  possible 
shades  of  soilness,  in  fact,  might  often  be  traced, 
from  a  solid  to  a  fluid  substance.  The  application 
of  heat  generally  promotes  fluidity.  Thus,  honey 
in  winter  is  a  candied  or  friable  solid  y  in  the  .spring 
it  melts  down  ;  but,  as  the  summer  advances,  it  gra- 
dually loses  its  viscidity,  and  flows  more  freely.  Oil 
seems  affected  in  the  same  way,  and  hence  the  prac^ 
tice  in  Italy  of  depositing  it  in  casks  for  exportation 
duriiig  the  winter  season,  when  it  is  thickest  and 
least  penetrating.  But  water  itself,  and  other  li-r 
quids,  not  excepting  mercury,  have  their,  fluidity 
likewise  augmented  by  heat,  as  evinced  in  their 
quickened  flow  through  capillary  tubes. 

If  an  angular  bit  of  glass  be  held  in  the  flaine  of 
a  blowpipe,  it  will  become  gradually  rounded,  Mt 
the  heat  penetrates  and  softens  the  mass.  In  iil^e 
manner,  a  fragm^it  of  sealing-wax  loses  its  rough 
exterior,  and  assumes  a  regular  curved  surface^,  on 
aj^roaching  it  to  the  fire.  But  the  centre  of  cur- 
vature is  the  point  to  which  the  combined  attractions 
of  the  outer  range  of  particles  must  be  dir^cteci* 
iSinee  this-  point  retires,  therefore,  from  the  suifface 

T  2 
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in  the  progress  of  Softness  to  Flaidityi  the  mutunl 
connection  of  the  integrant  niolecules  ikiuM  he  ex* 
erted  over  a  much  greater  extent  itt  Fluids  tiuoi  in 
Solids.     This  inference  appears  to  aflS)rd  ii]»ewise  an 
explanation  of  the  facility  of  their  internal  motioiii 
so  conspicuous  in  Liquids.      When  the  sphere  of 
actiYity  is  confined,  as  in  solid  substances,  to  a  very 
narrow  spot,  a  few  particles  only  are  connected^  by 
their  sympathetic  tendencies.     Any  internal  dislo- 
eation  will  in  this  case  require  the  approximation  of 
tettain  particles  and  the  recession  of  others,  whidh 
must  hence  occasion  the  exercise  of  corresponding 
Repulsive  and  attractive  forces.     But  these  forces, 
being  directed  to  a  small  number  of  centres,  will 
eevKtitute  a  very  unequal  group,  incapable  of  gain^^ 
itig  a  smooth  imd  graduated  equilibriumn     Every 
cbalftge  of  inclmation  would  produce  a  violent  effort 
to  attain  a  new  position  of  repose*    On  the  other 
hand,  when  the  sphere  of  activity  embraces  a  multi<- 
tude  of  particles,  as  in  the  composition  of  Fluids,  t^ 
isAightest  mutual  derangement  will  be  sufficietit  to  ac- 
tsommodate  every  variation  of  external  impression. 
The  most  minute  deviation  of  each  particle,  would-, 
by  such  prodigious  repetition,  amount  to  any  i^ 
^{uired  diange  of  direction.     In  their  dislocations^ 
die  particles  are  almost  unconstrained,  aud  ne^ 
scarcely  approach  or  recede  ;  the  repulsive  and  at- 
tractive forces  evolved  become,  therefore,  extremely 
small,  and  by  their  multitude  produce  in  every  po^ 
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611900  nwly  a  perfwt  counterbalance.  A  Fluid  is 
hence  fitted  to  obey  any  impression  with  the  utmost 
^Meility. 

s 

Bi|t  whatever  Boay  be  the  system  of  forces  that 
oowieet^  tbe  fluid  ^toansi  the  properties  of  the  com- 
pmnd  are  deduoible^  from  the  absolute  &cility  with 
i^hich  those  uhimate  particles  receive  and  transmit 
extenal  im|Mressi(»iB.    Suppose  a  Fluid,  either  gase- 
ous  OF  liquid,  to  be  inclosed  in  a  very  broad  and  ex* 
tremely  shallow  cylinder  of  glass  or  metal  AB  (fig. 
193\  at  the  top  of  which  is  inserted  a  tall  narrow 
tube  CD  of  the  same  material,  having  a  plug  or 
piston  £  nicely  fitted  into  it.     On  pushing  down 
iid$  pistoai,  the  fluid  particles  immediately  under  it 
mdll  at  first  give  way,  and  in  receding,  must  approach 
doaoF  to  each  other.     They  will,  in  consequence, 
diaptey  a  repulsive  force  proportional  to  their  mu- 
tual approximation.     Now,  it  may  be  proved  that 
points  or  atoms  can  never  bo  ranged  through  space 
in  perfect  straight  lines  ;  wherefore,  the  pressure 
oowmunicated,  will  not  be  confined  to  the  vertical 
column,  but  will  insensibly  divei^e  in  every  direc- 
tioq •     The  particles  at  J?  will  repel  obliquely  those 
al  C^  or  at  H,  and  these  again  will  distribute  the 
oMiqne  iaipression  to  other  adjacent  particles.     The 
whole  stratum  of  fluid,  from  the  orifice  C  to  the 
bomidaries  A  and  B,  must  hence  eontmue  to  recede 
fronn  the  piston,  and  contract  its  volume,  till  the  in* 
tegrant  particlea  hanre  all  of  them  attajned  the  same 
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mutual  distaiice,  and  exert  the  correspouding  repaid 
sive  energy.  An  uniform  condensation  must  thus^ 
be  diffused  through  the  compressed  mass,  before  an 
equilibrium  can  take  place  in  it.  This  condition  ob« 
tains  equally  in  liquids  and  in  gaseous  fluids,  only  die 
contraction  produced  by  a  compressing  force,  which 
is  so  visible  in  the  former,  can  seldom  be  distinguish-^ 
ed  by  ordinary  perception  in  the  latter.  But  a  very 
minute  alteration  of  the  volume  of  a  liquid  evolves  aa 
much  force,  as  an  extensive  change  in  the  mass  of  a 
gaseous  fluid. 

The  pressure  exerted  by  the  piston  E  at  the 
orifice  C  is  hence  diffused  equally  through  the 
whole  of  the  fluid,  every  particle  of  which  acquirer 
the  same  intensity  of  repulsion.  Each  point  on  the 
surface  of  the  vessel  must  therefore  sustain  an  equal 
effort.  If  a  wide  cylinder  IK,  fitted  likewise  with  a 
piston,  were  inserted  at  I,  the  compression  opposed 
would  be  proportional  to  the  space  of  action  or  the 
circle  of  the  orifice.  On  the  supposition  that  the 
surface  of  the  piston  I  wei'e  ten  times  greater,  than 
that  of  £,  it  would  likewise  support  a  load  ten  times 
greater  than  the  pressure  applied  at  E  or  C. 

Let  the  piston  I  be  now  removed,  while  the  pis* 
ton  £  is  conceived  to  act  as  before.  The  liquid 
must  evidently  rise  in  the  cylinder  IK  (fig.  136), 
till  its  weight  becomes  equal  to  the  pressure  exerted 
at  the  orifice  I.  In  like  manner,  if  another  cylin- 
der LM  were  inserted,  the  liquid  would  rise  till  its 
weight  was  equal  to  the  pressure  at  L.     But  the 
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pressures  at  I  and  L  being  proportional  to  those 
orijSces,  or  the  circular  sections  of  the  cylinderjg  IK 
and  LM,  the  altitudes  IK  and  LM  of  the  columns 
themselves  must  be  equal.  If  a  cylinder  NO  were 
inserted  obliquely,  the  liquid  would  still  rise  to  the 
same  level ;  for  in  this  case,  the  column  being  partly 
sustained  by  the  under  side,  its  weight  would,  from 
the  property  of  the  inclined  plane,  be  to  its  pres- 
sure at  N,  as  the  length  ON  to  the  perpendicular 
OP. 

Let  the  piston  E  itself  be  withdrawn,  and  the  li- 
quid will  mount  in  the  cylinder  CD,  till  its  weight 
becomes  equal  to  the  pressure  applied  at  C,  and  con- 
sequently will  attain  the  same  altitude  as  in  the 
other  communicating  cylinders.  Suppose  the  cylin- 
ders to  be  enlarged  and  brought  nearer  to  each 
other,  and  still  the  same  level  will  be  maintained 
among  them.  Conceive  they  were  even  united,  so 
as  to  compose  a  single  cylindrical  vessel,  and  the 
contained  liquid  would  always  assume  a  level  sur- 
face. Such  is  the  distinguishing  character  of  fluids. 
It  hence  follows,  that  the  condensation  accumu- 
lated at  any  point  of  an  open  liquid  mass,  and  there- 
fore the  actual  pressure  exerted  there,  is  proportional 
to  the  altitude  of  the  incumbent  column  of  a  sup- 
pled vertical  tube,  or  to  the  'depth  of  the  point  be- 
low the  surface  of  the  fluid.  The  pressure  of  water 
against  the  perpendicular  sides  of  any  cistern  must 
thus  increase  regularly,  from  the  top  to  the  bottom. 


In  a  c^bicl^  V99it^4  %he  pressure  bornf  by  OMh  sid& 
would  ba  just  h^f  the  weight  supported  at  the  bot- 
torn,  «id  Qouaeqvu^Qtly  tbQ  pressure  sustained  by  all 
the  four  sides  would  b^  dquble  of  this  weight. 

That  the  pressure  of  a  fluid  is  ei^erted  equally 
every  way  in  proportioQ  to  its  depth,  may  be  eo%<* 
firmed  by  various  es^periments*  Thus,  having  fiu$* 
tened  a  long  narrow  glass  tube  to  the  neck  of  a  thin 
bladder,  fill  this  with  wnt^r  till  it  ^tand  p^haps  m 
inch  .higher,  and  plunge  the  whole  in  a  tall  jar  of  wn^* 
ter ;  the  liquid  will  be  seen  to  rise  in  the  tube,  fnd 
fpiaintain  the  same  altitude,  exactly  in  proportion  «a 
thQ  bladder  descends.  Again,  if  a  tall  glass  tube, 
spreading  below  into  a  wide  funnel-mouth,  to  which 
a  toftded  plate  of  brass  has  been  ground  and  closely 
flttad,  were  let  down  and  held  in  a  body  of  water, 
1^  the  depth  where  a  cylindrical  column  of  fluid,  in* 
eumbent  upon  its  broad  base,  has  a  weight  equal  to 
^t  q£  the  plate,  this  would  remain  supported* 
But  if  a  hole  were  pierced  in  the  side  of  the  tube 
admitting  a  small  portion  of  the  water  to  fill  up  the 
funnel,  its  load  would  quickly  be  precipitated  to  the 
bottom*  On  the  other  hand,  if  the  tube  had  its 
fennel-mouth  turned  upwards,  and  fitted  witli  a  thin 
brass  plate  surmounted  by  a  very  thick  cylinder  of 
oork ;  the  buoyancy  of  this  cover  would  be  ovAr- 
eoffiie  |Lt  a  ?erti^n  depth  below  the  surface  of  the  wa- 
ter.    But,  on  letting  water  into  the  funnel,  the  pres* 


save  now  ecu^^iled  un4er  tb^  pl«te  would  iiOPi«^t«- 
ly  float  it  up. 

The  fundamental  principle!  that  a  fluid  eowpreatk^ 
ed  in  a  clo39  shfdlow  vessel  exerts  the  9awe  effort 
npon  every  equal  portion  of  the  eoafining  wrface, 
wafi  first  distinctly  stated  t>y  the  famouii  Piisqal>  who 
ev^n  proposed  it  as  a  new  meoh^nicid  power  of  groat 
fflSicacy  and  ready  application.    If  the  pistQn  X 
(fig.  19^0  were»  for  instancy  an  hundred  timea 
larger  than  the  piston  £»  the  force  of  one  man  push* 
ing  down  the  former  would  be  sufficient  to  withstand 
the  action  of  an  hundred  men  exerted  upon  the  latter. 
Nor  did  another  feature  of  resemblance  escape  this 
acut?  philosopher^  that^  asin  all  other  mechanical  com^^ 
binations,  what  is  here  gained  in  power  is  lost  in  cele- 
rity«  or,  in  other  words,  that  the  height  to  which  a 
lead  is  raiaed  is  still  inversely  as  the  purchase.   Thus, 
while  the  piston  £  descendjs  through  one  inch»  the 
piston  I  ascends  only  the  hundredth  part  of  an  inch* 
This  consideration  is  essentially  the  same  as  the 
principle  of  virttud  velocities^  which  affords  another 
dwionstration  of  the  equality  of  pressure  difiused 
through  a  fluid.     For,  if  one  pound  depress  the  pis- 
ton J5  one  inch,  the  piston  I  will  lift  an  hundred 
ponnd^  Qver  the  hundredth  part  of  an  inch,  the  mo- 
mentum of  the  we%ht  at  f)  being  still  equal  to  the 
q^wt^  momentum  (4  the  load  incumbent  at  I. 
Thp  pressure  ei^erted  by  the  fluid  upon  every  point 
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of  the  surface  of  the  shallow  vessel  is  hence  the 
same. 

The  project  originally  started  by  Pascal,  of  apply- 
ing this  capital  property  of  fluids  to  the  construction 
of  a  powerful  mechanical  engine,  has  been  reduced 
to  convenient  practice  in  our  own  time.  The  pro- 
gress of  the  arts  has  now  begun  to  realize  all  the  de- 
licacy of  theory.  Watt  employed,  to  a  certain  ex- 
tent,  the  soft  compression  of  air,  as  the  chief  agent 
in  his  Coining  Engine ;  and  Bramah  has  most  suc- 
cessfully availed  himself  of  the  constrained  energy  of 
water,  in  the  composition  of  his  Hydraulic  Press. 

It  will  be  easy,  from  the  principles  already  stated, 
to  determine  what  share  of  the  weight  of  a  liquid 
contained  in  a  vessel  of  any  form,  is  sappoited  by  the 
sides,  and  what  part'  rests  upon  the  bottom.  Sup- 
pose a  wide-spreading  vessel,  of  which  CABD 
(fig.  137.)  represents  a  vertical  section,  to  be  filled 
with  some  liquid.  The  pressure,  which  a  very  nar- 
row column  of  fluid  YE^f  exerts  against  the  side  of 
the  vessel  at  E  may  be  decomposed  into  a  force  act- 
ing vertically,  and  another  acting  horizontally.  But 
those  three  forces,  being  proportional  to  perpendicu- 
lars to  their  several  directions,  are  as  the  lines  Ee, 
e(pj  and  E9,  and  consequently,  are  as  the  elementary 
rectangles  E^xEF,  c^xEF,  E^xEF.  Now,  the 
whole  pressure  exerted  upon  the  portion  E«  of  the 
side  of  the  vessel,  is  evidently,  as  the  depth  EF  of 
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the  liquid  film  multiplied  into  Etf  the  breadth  of  its 
base ;  and  therefore  this  base  will  sustain  a  vertical 
pressure  denoted  by  e^xEF,  or  the  weight  itself  of 
the  elementary  column  £Fy^,  and  will  also  resist  » 
horizontal  thrust  expressed  by  E^xEF.  But,  for 
the  same  reason,  the  other  side  of  the  vessel  at  G 
supports  the  load  of  the  elementary  column  GHhfff 
and  pushes  horizontally  with  the  force  GHxG^, 
which  is  equal  to  the  opposite  thrust  EF  X  E^«^ 
These  horizontal  forces  are  hence  mutually  balanced 
or  extinguished  ;  while  the  sides  of  the  vessel  sustain 
the  whole  weight  of  the  series  of  vertical  columns^ 
from  C  to  AI,  and  from  D  to  BK.  The  same  pro- 
perty belongs  to  every  parallel  sectimi,  and,  conse- 
quently, the  bottom  of  the  vessel  supports  only  its 
incumbent  prism  or  cylinder  lABK,  while  the  rest 
of  the  surrounding  liquid  is  upheld  wholly  by  the  re- 
action of  the  sides. 

The  pressure  exerted  by  a  fluid  against  the  bottom 
of  a  vessel  is  thus  nowise  augmented  by  its  spreading 
shape  i  nor  shall  we  find  it  at  all  diminished,  on  the 
other  hand,  by  any  degree  of  contraction.  Let  CABD 
(fig.  1S8.)  represent  such  a  tapered  form  of  vessel. 
Assuming  a  vertical  section  as  before,  the  perpendi- 
cular thrust  against  the  element  £e  of  the  side  must 
be  compounded  of  FE,  the  depth  under  the  surface 
of  the  fluid,  and  the  base  £e.  But  this  force  may  be 
decomposed  into  a  vertical  and  a  horizontal  pi*essure, 
in  the  ratio  of  £e  to  ^  and  E^,  or  as  FE  X  £e  to 
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F£  X  «f^  and  F£  X  £^.  The^oce  £0 is  tbercfow 
pushed  outwanlt  horizontally  by  m  foree  denoted  by 
F£  X  £^9  wd  directiy  upwards  by  the  foree  F£  x  ep^ 
er  the  weight  of  an  exterior  column  F£c/,  In  the 
8unQ  manner^  it  k  shown  that  the  pressure  exerted 
against  the  element  Gff  of  the  opposite  side  of  the 
r^fisdi  may  be  resolTed  into  a  horisontal  thrust 
QH  X  Gy,  and  a  thruat  GH  X  ffy  irom  below,  in 
tl|e  direotion  6H»  wliich  is  equal  therefore  to  the 
weight  of  the  exterior  eolumn  GHiff.  But  those  ho- 
riaontal  thrusts  £F  X  £^  and  GH  X  Gy,  beii^  evi- 
dentiy  equal  and  oppoeitey  are  mutually  extinguished* 
Th«  vertical  thrusts  £F  X  e^  and  GH  X  ffy  from 
below  are  resisted  by  the  elasticity  of  the  eksaentary 
iqpaoes  £e  aadGy  of  the  vessel ;  w,  what  is  the  same 
thing,  these  spaces  press  downwards  the  columns  L£e/ 
and  MGffm,  by  forces  equal  to  the  weights  ef  the 
exterior  columns  £F^  and  GH/iff.  The  conjoined 
pressures  exarted  at  JJ  and  Mm  are  hence  repre- 
fented  by  the  columns  ILE/l  and  M  HAm.  The  pres* 
sure  of  the  whole  section  upon  AB  is,  therefore,  the 
same  as  that  of  the  rectangle  lABK.  Collecting 
then-  all  the  sections,  their  total  pressure  upon  the 
bottom  will  be  equal  to  the  weight  of  an  nuform 
prismatic  or  cylindrical  column^  lABK* 

This  very  singular  and  important  conclu'aiQii,  that 
the  pressure  of  a  liquid  upon  the  bottom  of  any  vea* 
sel  depends  merely  on  its  altitude  and  the  surface  of 
its  base,  might  be  derived  from  sinq^ler  Wt  indirect 
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eensiderations.  Suj^se  the  portton  of  the  li^id^ 
which  in  fig.  197.  encircles  the  rertieal  cyliftd^ 
lABK,  to  be  frosen  or  conrerted  into  a  solid  Mib^ 
stance,  but  without  changing  its  density  ;  the  pte^ 
rare  of  this  congealed  mass  would  oTidently  toontinue 
the  same  as  before,  and  therefore  the  bottom  .has  only 
to  sustain  the  weight  of  the  cylindrioal  column  which 
rests  immediately  upon  iU  If  the  lateral  ice  were 
again  melted,  it  would  only  resume  its  horizonUtl 
thrust,  which  eould  in  no  degree  «lter  the  vetticat 
pressure  of  the  liquid. 

In  like  manner,  if  lABK  in  fig.  138.  were  a  ey- 
lin^r  of  liquid  resting  upon  a  circular  base  $  con- 
ceive the  portions  I  AC  and  KBD  about  the  sides 
to  be  rendered  solid  oi^  congealed  without  alteration 
of  density,  and  the  remaining  portion  ACDB  will 
evidently  exert  the  same  pressure  as  before.  Hie 
incurved  sides  AC  and  BD  of  this  tapering  vessel 
hence  produce  an  efkct  analogous  to  the  load  of  the 
supposed  frozen  masses  lAC  and  KBD. 

The  property  now  demonstrated  is  commonly 
termed  the  Hydrostatic  Paradox.  The  smallest 
portion  of  a  liquid  is  thus  capable  of  producing  a 
preisranfe  eqtial  to  that  of  the  largest  mass.  Thi^ 
fact  is  confirmed  and  elucidated  by  a  variety  of  strike 
ing  ex^riftients.  In  all  water-worisis,  it  forms  an 
essentidi  consideration.  But  the  principle  extends 
its  influence  likewise  to  remoter  objects.  No  tna- 
somy  is  safe  which  negltets  it.    If  the  smallest 
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quantity  of  water  should  lodge  to  a  considerable 
height  in  the  gravel,  sand,  or  loose  earth  close  be- 
hind a  wall  or  embankment,  it  would  exert  a  lateral 
pressure  sufficient  to  push  the  solid  materials  from 
their  base.  Hence,  a  sudden  shower  often  occasions 
great  devastation.  The  thinnest  vein  of  water,  col^ 
lected  in  a  perpendicular  crevice,  will  split  the  hardr 
est  rock,  and  hurl  its  fragments  down  the  precipice. 
This  hydrostatic  pressure  is  the  chief  agent  which 
nature  employs,  in  the  silent  and  gradual  demolition 
of  mountains. 

Suppose  any  interior  portion  of  a  Jiquid  to  become 
solid  ;  it  would  evidently  remain  in  the  same  state 
of  indifference  or  equilibrium  as  before.  It  must 
therefore  be  borne  up  by  the  vertical  pressure  of  the 
fluid  with  a  force  just  equal  to  its  weight,  or  the 
weight  of  the  liquid  whose  place  it  occupies.  Con- 
ceive this  congealed  mass  to  have  its  gravity  aug- 
mented or  diminished  ;  it  wiU  be  pulled  downwards 
or  upwards  by  the  difference  between  this  force  and 
the  weight  of  an  equal  bulk  of  the  liquid.  Substi- 
tute any  solid  body  instead  of  this  block  of  ice,  and 
the  loss  of  weight  by  the  immersion  it  sustains  wiU 
be  egual  to  that  of  the  volume  of  fluid  wkith  it  dis* 
places. 

But  this  fundamental  property,  first  detected  by 
the  genius  of  Archimedes,  may  be  demonstrated  by 
a  stricter  process  of  reasoning.  Let  a  cylindrical 
body  FEGH  (fig.  139.)  be  plunged  vertically  in  a 
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vessel  CABD,  filled  with  water  or  any  other  liquid  ^ 
the  lateral  pressure,  acting  equally  around  the  axis, 
will  evidently  produce  a  complete  balance  of  efforts. 
But  the  cylinder  will  be  pushed  upwards  by  a  co- 
lumn of  fluid  having  IE  for  its  altitude,  and  the  cir* 
cle  EG  for  its  base,  and  pressed  downwards  again  by 
the  circular  column  IFHK.  The  solid  is,  therefore, 
buoyed  up  by  the  excess  of  the  former  force  above 
the  latter,  or  by  the  weight  of  an  equal  cylinder 
FEGH  of  the  liquid. 

Suppose  a  solid  of  any  shape  were  immersed  in  a 
liquid,  and  let  fig.  140.  represent  a  vertical  section. 
The  pressure  exerted  perpendicular  to  the  element 
of  the  surface  £^  is  resolved  into  a  horizontal  and  a 
vertical  force,  and  these  three  forces  are  as  the  lines,Ee, 
ep  and  E^,  or  as  the  rectangles  GE  x  E^,  G£  x  epf 
and  GE  x  Ep.  Wherefore,  the  horizontal  impres- 
sion at  Ee  is  represented  by  GE  x  e(f>.  Draw  the 
horizontal  lines  EH  and  ehj  and  the  corresponding 
verticals  HI  and  hi.  It  is  evident  that  the  portion 
of  the  perpendicular  pressure  against  Hh  acting  in 
the  horizontal  direction  HE  will  be  denoted  by 
IH  X  hit  which  is  equal  to  the  opposite  exertion 
GE  X  ep.  In  every  horizontal  space  EHA^,  there- 
fore, the  lateral  efforts  are  balanced,  and  hence. the 
whole  section  has  no  tendency  towards  either  side. 
This  must  be  the  case  likewise  in.  all  the  collective 
sections  which  compose  the  submerged  solid,  which 
has  no  disposition  to  move  to  the  one  side  of  the 
vessel  or  to  the  other»     But  the  section  is  pmhed 
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directly  upwards  at  £e  by  a  force  refM^eieuted  by 
0£  X  ISs,  or  the  elementary  film  of  liquid  G£a^> 
while  it  is  presied  downwards  only  by  the  film  Gf)gf. 
It  is  consequently  buoyed  up  by  their  dififer^neei  or 
by  the  film  FEeff  and  the  buoyant  effort  of  the  (rtg^- 
gr^te  parcels^  therefore^  is  equal  to  the  whole  sec* 
tion.  Hie  collective  sections,  again,  form  the  solid 
body,  which  hence  loses,  by  immersion,  just  as  mwh 
weight  as  that  of  an  equal  volume  of  the  suTroutldiAg 
fluid. 

On  this  principle  is  founded  the  method  of  aA6er- 
taining  the  density  of  a  body,  or  the  relation  of  itl^ 
weight  to  its  bulk,  which,  in  reference  to  some  com- 
mon standard,  is  termed  its  specific  gre^Uy^  Wa- 
ter, at  its  state  of  greatest  contraction^  is  preferned 
as  the  most  convenient  unit  of  comparison,  the  den^ 
sity  of  other  bodies  being  reckoned  in  decimal  parts. 
The  Hydrostatic  Balancs  is  generally  tised  for  this 
purpose.  The  substance  to  be  examined  may  b^ 
either  liquid  or  solid.  The  specific  gravity  of  li- 
quids is  easily  determined,  by  means  ^  a  ball  or  peai^ 
shaped  lump  of  glass  or  crystal,  eithel*  partly  faoUe^ 
or  loaded.  This  poise,  suspended  by  a  hskt  Oft  fine 
thread,  is  weighed  in  vacuo  or  air,  then  in  pitte  Wal- 
ter, and  next  in  the  particular  liquid  y  the  low  of 
weight  which  it  suffers  in  water  is  to  it9  loss  ill  die 
fluid  under  trial,  as  unit  to  the  q)ecific  gravity  of  lihis 
fluid.  The  calculation  is  sometimes  cat^d  to  five 
places  of  decimals  ;  though  it  is  sddom  safe  or  expd- 
dient  to  push  them  beyend  three  igures.     If  ite 
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lump  of  glass  were  ground  to  such  a  size  as  to  lose 
exactly  a  thousand  or  ten  thousand  grains  in  distilled 
water,  no  computation  would  be  required,  its  loss  of 
weight  in  the  liquid  indicating  at  once  the  specific 
gravity. 

In  the  case  of  solid  si;Lbstances,  they  may  be  either 
denser  than  water  or  rater,  and  they  may  be  inso- 
luble in  it  or  capilble  of  solution.  The  mode  of 
determining  their  specific  gravity  will  accordingly  be 
different. 

1.  Insoluble  solid  bodies,  denser  than  water,  are 
weighed  in  vacuo^  and  then-  in  distilled  water  ;  and 
the  loss  of  weight,  which  they  sufier  by  immersion, 
is  to  their  whole  weight,  as  unit  is  to  their  specific 
gravity. 

2.  Insoluble  solid  bodies,  lighter  than  water,  re- 
quire to  be  joined  to  some  heavier  substance,  in  or- 
der to  make  them  sink  in  that  liquid.  The  weight 
of  the  ballast,  when  immersed  alone,  must  be  pre- 
viously ascertained.  This  weight,  diminished  by  the 
weight  of  the  compound  afler  immersion,  will,  there- 
fore, give  the  buoyant  power,  or  the  weight  of  a  mass 
of  water  equal  to  the  bulk  of  the  rare  substance.  The 
weight  thus  corrected  is  hence  to  the  weight  of  the 
substance  in  vacuo,  as  unit  is  to  its  specific  gravity. 

3.  When  the  solid  substances  to  be  examined  are/ 
saline,  or  liable  to  solution  in  water,  they  may  be  gent- 
ly heated  and  covered  with  a  thin  coat  of  melted  bees- 
wax. Thus  defended,  they  may  now  be  plunged 
without  any  risk  in  distilled  water.  A  slight  allow.^ 
ance  should  be  made  for  the  buoyant  influence  of 
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the  film  of  wax  itaelf,  which»  however,  must  be  vety 
minute»  since  wax  has  very  nearly  the  density  of 
water  itself.  This  mode  of  finding  specific  gravity 
is  evidently  very  imperfect,  and  quite  inapplicable  to 
substances  that  have  a  powdery  form.  The  instru* 
ment  which  I  term  a  Comameterf  founded  upon  the 
dilatation  of  air,  may  supply  the  defect. 

A  solid  substance,  rarer  than  the  fluid  medium, 
must. evidently  sink,  till  it  displace  an  equal  weight 
of  the  fluid.  The  submerged  part  of  the  solid 
hence  always  marks  the  volume  of  this  equiponde- 
rant mass.  If  the  floating  body  have  a  globular 
shape,  terminated  by  a  long  slender  stem,  its  de- 
pression in  any  liquid  will  measure  the  smallest  dif- 
ferences of  specific  gravity.  The  stem  may  be  made 
exactly  cylindrical,  for  instance,  and  divided  into 
portions  which  correspond  to  the  thousandth  parts 
of  the  bulk  of  the  ball.  Such  is  the  general  con- 
struction of  the  Hydrometer^  a  veiy  convenient  in- 
strument for  examining  readily  the  densities  of  dif- 
ferent liquids.  The  stem  will  scarcely  bear  more 
than  an  hundred  distinct  subdivisions  ;  but  the  range 
can  be  easily  enlarged,  by  attaching,  as  circumstances 
may  require,  loads  answering  to  100,  200,  SOO,  kc 

One  of  the  easiest  and  simplest  methods  of  deter- 
mining the  densities  of  different  liquids,  is  by  a  set 
of  small  glass  beads,  previously  adjusted,  and  nume- 
rically marked.  Thrown  into  any  liquid,  the  heavier 
balls  sink,  till  they  approach  the  required  density 
and  become  gradually  buoyant,  and  the  one  which 
first  rises  to  the  surface  indicates,  in  thousandth 
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parts,  the  specific  gravity  of  the  fluid. .  These  balls 
are  adapted  for  examining  liquids,  whether  lighter 
or  heavier  than  water. 

But  the  most  accurate  and  concise  mode  of  ascer- 
taining the  density  of  liquids,  is  to  employ  a  small 
glass  measure  with  a  very  short  narrow  neck,  and 
adjusted  to  hold  exactly  a  thousand  grains  of 
distilled  water.  The  vessel  being  filled  with  any 
other  liquid,  the  weight  of  it  is  observed,  and 
thence  its  relative  density  to  water  may  be ,  found, 
by  merely  striking  olEF  three  decimal  places.  At 
each  operation,  the  glasst  must  be  carefully  rinsed 
with  pure  water,  and  again  dried,  by  heating  it,  and 
then  sucking  out  the  humified  air,  for  a  few  minutes, 
by  help  of  a  slender  inserted  tube. 

If  fluids  of  various  densities,  and  not  disposed  to 
onite  in  any  chemicd  affinity,  be  poured  into  a  ve^ 
self  they  will  arrange  themselves  in  horizontal  strata, 
according  to  their  respective  densities,  the  heavier 
always  occupying  a  lower  place.  This  stratified  ar- 
rangement of  the  several  fluids  will  succeed,  even 
though  a  mutual  attraction  should  subsist,  provided 
only  that  its  operation  be  feeble  and  slow.  Thus,  a 
body  of  quicksilver  may  occupy  the  bottom  of  a  glass 
vessel,  above  it  a  layer  of  concentrated  sulphuric 
acid,  next  this  a  layer  of  pure  water,  and  then  an- 
other layer  of  alcohol.  The  sulphuric  acid  would 
scarcely  act  at  all  upon  the  n^ercury,  and  a  consider- 
able time  would  elapse  before  the  water  sensibly  pe* 
netrated  the  acid,  or  the  alcohol  the  water.  Bodies 
of  different  densities  might  remain  suspended  in  those 
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Strata.  Thus,  while  a  ball  of  platinum  would  lie  at 
the  bottom  of  the  quicksilver,  an  iron  ball  would 
float  on  its  surface  ^  but  a  ball  of  brick  would  be 
lifted  up  to  the  acid,  and  a  ball  of  beech  would  swim 
in  the  water,  and  another  of  cork  might  rest  on  the 
top  of  the  alcohol. 

Hence  the  reason  of  various  natural  phasnomena. 
Thus,  the  fresh  water  discharged  by  a  river  into  the 
sea  continues  to  float  upon  the  surface  of  the  denser 
mass  of  salt  water,  till  the  several  strata  become  in- 
termixed by  the  action  of  winds,  or  the  commotion 
of  tides  and  currents.  For  the  same  reason,  the 
brackish  water  collected  near  the  mouth  of  a  great 
river  must  rise  proportionally  above  the  general  le- 
vel. Hence,  likewise,  certain  wells  and  springs  near 
the  coast  are  observed  to  swell  and  sink  regularly 
with  the  flow  and  ebb  of  the  tide,  frqpi  the  mere  varia- 
tion of  hydrostatic  pressure  of  the  adjacent  sea  acting 
on  the  veins  of  fresh  water.  Fountains  occur  some- 
times on  the  very  summits  of  detached  rocks  and  isl^. 
The  same  principle  appears  to  furnish  the  simplest 
and  most  probable  explication  of  the  gradual  subsi- 
dence of  the  Baltic  Sea,  which  has  not  at  present  the 
fifth  part  of  the  saltness  of  the  Ocean.  It  must  there- 
fore stand  at  a  higher  level  in  proportion  to  its  depth ; 
but  if  we  suppose  its  waters  to  have  worked  into 
certain  submarine  beds  of  salt,  they  must  contract 
and  sink  dowui  as  they  dissolve  it  and  become  den- 
ser. To  verify  this  hypothesis,  it  is  only  requisite 
to  ascertain  whether  the  Baltic  be  actually  growing 
Salter. 
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It  may  J)e  convenient  here  to  state,  merely  in 
round  numbers,  the  specific  gravities  of  the  more 
remarkable  substances. 


Platinum,  purified, .  ^ 19.50 

■  ■        hammerad, 20.S4 

— —  lamiDAted, 22.07 

.li...^— _  dnwn  into  wire,     21.04 

Gpld,  pure  and  cast, 19*26 

—>— hammered, 19.36 

Mercury,  .,.•••• ..    13.57 

Lead,  cast, n.35 

flihrer,  pure  and  cast, 10i47 

hammered, 10.51 

Bismuth,  cast, 9-82 

Copper,  cast, a79 

wire, a89 

BMt, a40 

wire. a54 

Cobalt  and  Nickel,  cast, 7.81 

Iron,  cast,  ...., 7.21 

—  malleable, 7.79 

Steel,  soft, .«•...  7.8S 

hammered, 7.84* 

Tin,  cast,  7.30 

Zinc,  cast,  7.20 

Antimony,  cast, 4i.95 

Molybdjenum, 4i.74 

Bulphate  of  barytes, 4.43 

Ziroon  of  Ceylmi, 4,41 

Oriental  ruby, 4.28 

Bnailian  ruby,  ...»« 3.53 

'Bohemian garnet^  ...• ^^^  4il9 

Oriental  topaz, 4.01 

Diamond, • 3,50 

Orude  manganese,  ..m..... 3.53 

Flint  glass, ^ 2.89 

Glass  of  St  Oobin, 2.49 

Fluorspar, ai8 

Parian  Marble, 2.34 

Feruvian  emendd, 2.78 

Jaqpec, 2.70 

Carbonate  of  lime, 2.71 

Book  OTStal, 2.65 

Flint, 2.59 

Sulphate  of  lime, 2.32 

Sulphate  of  soda, 2.20 

Common  salt, 2.13 

NaliTe  sulphur, 2.03 

Nitre, 2.00 

Alabaster, ;  1.87 

nwsphorus, 1.77 


Plumbago, 1.86 

Alum, 1.72 

Asphaltum, .*•.... 1.40 

Jet, ^ 1.24 

Coal,  from 1.24  to  1.30 

Sulphuric  add, 1.84 

Nitric  acid, 1.22 

Muriatic  add, 1.19 

Equal  parts  by  weight  of  water  and 

alcohol, 93 

Ice, 92 

Strong  alcohol, .82 

Sulphuric  aether, 74 

Naphtha, 71 

Sea  water, 1.03 

OUof  Stfanfbs, 1.09 

Linseed  oil, 94 

Olive  oil, 91 

White  sugar,  .., 1.61 

Gum  Arabic  and  honey, 1.45 

Fitch, 11.5 

Isinglass, l.Il 

Yellow  amiier, 1.08 

Hen's  egg,  ft«sh  Uud, 1.09 

Human  blood, 1.05 

Cai^phor, ; 99 

White  wax,  97 

Tallow, 94 

Pearl, 2.75 

Sheep's  bone, ...2.22 

Ivory, • .....r  1.92 

Ox'shom, 1.84 

Lignum  vitm, 1.33 

Ebony, \ ,  1.18 

Mahofpuiy, 1.06 

Dryoak, 93 

Beedi,  .•.•..•....••...•...••••.••••    .85 

Ash, 84 

Elm,  from 80  to  .60 

Fir,  from 57  to  .50 

Poplar, 38 

Cork, 24 

Chlorme, 00302 

Carbonic  acid  gas, 00164 

Oxygen  gas,  T. 09134 

Atmospheric  air, 00121 

Asotic  gas, ..........00098 

Hydrogen  gas, 00008 
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One  hundred  cubic  inches  of  chlorine,  carbonic 
acid  gaS|  oxygen  gaS|  atmospheric  air,  azotic  gas,  and 
hydrogen  gas,  weigh  respectively  76-S,  46*5,  33.9$ 
30.5,  S9«6,  and  S«l  grains  Troy.  One  cubic  inch 
of  distilled  water,  at  the  ordinary  temperature  of  6i 
degrees  Fahrenheit,  weighs  in  air  ^S<5  grains. 
Hence  the  weight  of  a  cylindrical  inch  of  water 
is  198.S  grains  ;  but  the  same  measure  of  quicksiU 
ver  would  weigh  2691  grains,  which  a£R)rds  a  ready 
method  for  ascertaining  the  diameters  of  very  narrow 
.or  capillary  glass  tubes. 

The  averdupois  pound  is  now  enacted  to  contain 
7000  grains  Troy,* and  must  hence  be  equal  to  the 
weight  of  27,724  cubic  inches  of  w^ater.  Wherefore, 
a  cubic  foot  of  water  "weighs  62.3S1  pounds,  or  al- 
most exactly  one  thousand  ounces  averdupois.  The 
weight  of  an  Imperial  gallon  is  fixed  at  ten  «acfa 
pounds.  A  cubic  foot  of  Water  seems  to  have  an- 
ciently corresponded  to  the  weight  of  a  bushel  or  fir- 
lot  (faurthlet)  of  wheat,  four  of  which  make  a  boll, 
eight  times  this  a  ton,  and  the  double  of  this  again 
a  chalder.  TTie  ton  is  therefore  2000  lb.,  or  more 
generally  reckoned  twenty  hundred  weight,  each 
hundred  consisting  of  112  lb. 

The  weight  of  a  cable  of  7^0  feet,  or  120  ifathoms 
length,  worked  up  from  strands  180  fathoms  long, 
is  found,  by  multiplying  the  square  of  the  girth  or 
circumference  in  inches  by  19^  lb.  The  square  of 
half  the  diameter  will  hence  nearly  express  in  pounds 
the  wei^t  of  a  foot  of  tori.  A  chaldron  of  coal  at 
Newcastle  is  reckoned  equal  to  53  cwts.,  <»*  5936  H>.  7 
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but  in  London  the  chaldron  contains  S6  bushels, 
each  weighing  84  lb* 

A  hollow  glass  cylinder,  open  at  top,  and  fitted 
below  with  a  loaded  plate  of  brass,  being  immersed 
in  a  vessel  of  water,  till  the  quantity  of  liquid  thus 
displaced  shall  have  a  weight  ^ual  to  that  of  the 
compound,  the  plate  will  not  only  float,  but  sustain 
the  incumbent  glass.  If  a  solid  cylinder  were  push- 
ed vertically  into  the  water,  il  would  press  down  the 
vessel  by  a  load  equal  to  the  weight  of  an  equal  bulk 
of  the  fluid,  whidi  is  readily  indicated  by  suspend- 
ing the  vessel  from  one  of  the  ends  of  a  balance* 

A  glass  tube  of  condd^nble  length  being  laid 
horizontally,  with  both  ends  bent  upwards,  and  now 
filled  with  any  liquid,  such  as  water  or  quicksilver, 
the  opposite  terminating  surfaces  must  always  keep 
the  same  level.  If  small  sights  with  cross  wires  were 
hence  set  to  float  in  the  vertical  tubes,  this  combina- 
tion might  4!erve  as  a  levelling  instrument.  Such  a  con- 
struction has  accordingly  been  sometimes  employed, 
thoi^h  it  seems  not  susceptible  of  much  accuracy. 

The  iSjpirit  Level  is  far  more  delicate.  This  va- 
luable instrument  consists  of  a  short  glass  tube  having 
a  very  alight  curvature,  and  almost  filled  with  alco- 
hol, leaving  but  a  small  bubble  of  air.  Alcohol  is 
preferred  to  every  other  liquid,  because  it  moves  rea- 
dily, and  is  not  liable  to  freeee.  The  horizontal 
line  is  indicated  by  a  tangent  to  the  upper  and  con- 
vex side  of  the  tube,  at  the  middle  of  the  floating 
bnbU^ 
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If  the  two  yertical  branches  of  a  tall  recurved  tube 
be  filled  with  liquids  of  di£Perent  densities^  the  .oppo- 
site surfaces  will  no  longer  maintain  the  same  eleva- 
tion. The  lighter  fluid  will  rise  proportionally  high- 
er, so  that  their  altitudes  will  be  inversely  as  their 
respective  densities*  Such  a  form  of  tube  might 
therefore  serve  as  an  imperfect  Hydrometer. 

Since  the  pressure  of  any  fluid  is  proportional 
merely  to  the  depth  below  the  surface,  the  strain 
'borne  by  a  sluice  or  the  sides  of  a  canal  must  increase 
uniformly  from  the  top  to  the  bottom.  .  The  centre 
of  pressure  is  hence  not.  in  the  middle,  but  at  one- 
third  of  the  entire  altitude.  To  this  point,  there- 
fore, if  more  strength  be  wanted,  the  additional  prop 
should  be  applied. 

If  water  be  confined  in  a  canal  or  basin  by  a  wall 
or  embankment,  the  thickness  of  the  dike  must  in- 
crease regularly  in  proportion  to  its  depth.  The  ad- 
herion  of  any  materials  or  their  resistance  to  a  hori- 
zontal  thrust,  may  be  estimated  as  a  certain  propor- 
tion of  their  weight,  commonly  the  half  or  the  third 
part.  Let  AB  (fig.  141.)  be  the  height  of  the  wall, 
and  make  its  density  to  three  times  that  of  water,  as 
AB  to  BC,  and  join  AC,  which  will  represent  the 
proper  slope.  If  the  dike  be  composed  of  stones  or 
bricks,  the  base  BC  must  be  at  least  equal  to  the  al- 
titude AB ;  but  if  it  consist  of  earth,  BC  should  be 
one  half  more.  When  the  embankment  is  formed 
of  earth,  its  side  must  not  be  perpendicular ;  it  should 
form  an  inclined  plane,  not  exceeding  35  degrees. 


; 


NATURAL  PHILOSOPHY.  319 

or  the  angle  of  repose,  lest  the  softened  parts  should 
slide  down  ;  the  outsMe,  being  more  solid,  may  be 
steeper. 

In  canal  navigation,  a  boat  is  raised  from  a  lower 
to  a  higher  level  by  a  series  of  locks,  a  portion  of 
the  water  somewhat  exceeding  the  length  of  the  ves- 
sel being  inclosed  at  the  sides  by  walls,  and  at  both 
ends  by  masonry,  and  opposite  flood-gates.  As  soon 
as  it  passes  these  gates,  they  are  shut  behind  it ; 
and  a  small  lateral  or  superior  sluice  being  opened, 
the  water  rushes  into  the  inclosure,  and  quickly 
mounts  to  the  higher  level,  thus  enabling  the  vessel, 
again  to  proceed.  A  similar  operation  is  perform- 
ed at  each  successive  lock.  In  descending  the  ca* 
nal,  the  procedure  is  exactly  reversed,  the  water 
contained  in  the  series  of  inclosures  being  allowed 
to  flow  out,  and  thus  lower  by  degrees  the  level  of 
tke  boat. 

The  flood*gates  are  contrived  to  shut  at  a  cer- 
tain  angle.  If  this  angle  be  very  acute,  they  sus- 
tain too  great  a  pressure,  and  yet  close  feebly.  Let 
AC  and  BC  (fig.  14S.)  represent  the  flood-gates  of 
a  carnal,  which  are  opened  by  help  of  the  extended 
arms  A£  and  BF.  When  shut,  the  gate  AC  is 
pressed  at  right  angles  by  the  water,  with  a  force  as 
AC  itself,  which,  from  the  principle  of  the  lever, 
most  exert  a  perpendicular  efifort  at  the  end  C,  as 
the  square  of  AC.  The  thrust>  thence  produced  in 
the  direction  AB  will  be  as  AC'X  CD,  and  will  en- 
counter an  equal  and  opposite  thrust  from  the  gate 
BC. .    These  two  forces  constitute  the  power  which 
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closes  the  gates.  The  force  with  which  they  are 
made  to  cohere,  thus  increashig  with  AC  and  CD, 
must  augment  rapidly  when  the  angles  BAG  and 
ABC  are  enlarged,  or  their  mutual  inclination  ACB 
hecomes  diminished. 

If  the  angle  ACB  were  very  obtuse,  those  ccm- 
joined  gates  would,  like  a  low  roof,  occasion  a  great 
thrust  against  the  walls  of  the  canal,  or  the  centres 
of  the  gates  at  A  and  B.     The  thurst  in  the  direc* 

tion  CA  might  be  shown  to  be  — pj^ •    I*  ^^ 

hence  be  easy  to  determine  the  angle  ACB^  with 
the  centres  of  the  flood-gates  which  8u£fer  the  small- 

AC* 

est  strain  ;  for  AD  being  constant,  t^Tv-  must  be  a 

minimum*  But  this  quantity  is  evidently  the  diar 
meter  of  a  circle  circumscribing  the  triai^le  ACB ; 
and  since  the  least  circle  is  that  described  about  the 
point  C,  the  angle  ACB»  at  which  the  gates  lock, 
should  be  a  right  angle. 

Water  may  be  contained  in  circukr  basins  or  cy«- 
lindrical  vessels,  and  conveyed  in  pipes,  which  there- 
fore bear  a  lateral  pressure  proportioned  to  tha  alti- 
tude of  the  column.  But  this  pressure  will,  in  con- 
sequence o£  the  curvature,  occasion  likewise  a  longi- 
tudinal strain  or  d]fit^ision»  Let  fig*  143b  rq^ire- 
sent  B  section  of  the  tube ;  and  assume,  in  the  in- 
terior circumference,  the  proximate  points  B  and  C, 
equally  distant  on  either  side  from  A.  But  three 
forces  may  be  conceived  to  act  at  these  p<Hnts }  the 
|>erpendicular  thrast  of  the  water  against  A,  attd 
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iongttudiABl  tensioBft  at  B  aad  at  C«  These  forces 
being  jMToportional  to  the  sides  of  a  triangle  perpen- 
dicular to  their  several  directions,  are  consequently 
as  (he  lines  BC,  BO  and  CO.  But  the  pressure 
exerted  by  the  fluid  at  A,  is  as  the  little  space  BC ; 
wherefore  the  tension  of  the  ring  at  the  points  A, 
B,  C  must  be  expressed  by  the  radius  BO.  The 
same  distending  energy  is  hence  exerted  around  the 
whole  internal  circumference*  The  lateral  pressure 
of  the  water  against  each  ring  of  the  cylinder,  must 
thus  produce  the  same  effect,  as  a  longitudinal  force 
applied  to  it,  equal  to  the  weight  of  a  prism  of  the 
fluid,  resting  on  a  base  wluch  has  the  breadth  of 
that  ring,  with  the  radius  for  its  thickness.  The 
strength  of  the  cylinder  must  consequently  be  in 
the  compound  ratio  of  the  altitude  of  the  water^  and 
of  its  own  radius  or  diameter.  Similar  pipes  will 
therefore  bear  equal  pressures,  their  thickness  being 
proportioned  to  the  diameter.  Thus,  a  pipe  of  only 
a  foot  in  diameter,  and  half  an  inch  thick,  will  witii* 
stand  the  thrust  of  the  same  altitude  of  water,  as  a 
pipe  of  the  same  materials  two  feet  wide  and  a  whole 
iwck  in  thickness.  But  since  lead  has  (Hily  the  tenth 
part  of  the  tenacity  of  cast-iron,  a  pq»e  of  that  soft 
metal  will  require,  in  similar  circumstances,  to  have 
ten  times  greats  thickness  in  proportion  to  its  dia^ 
meter,  than  one  of  cast-iron.  Such  is  the  case  with 
a  pipe  of  elm,  while  one  of  fiee-stone  would  vtill 
need  to  have  k&  thickness  doubled. 

Let  k  deiMPte  the  height  of  the  wato*  in  inches, 
d  the  diameter  of  any  pipe,  t  its  thickness,  and 
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c  the  longitudinal  cohesion  of  a  square  inch  bar  of 
its  material  expre3sed  in  pounds  ayerdupois*  The 
longitudinal  strain  occasioned  by  the  internal  pres- 
sure  against  each  ring  of  an  inchbreadth,  is  in  cubic 

.    .      hd       ,  .  ,  J   ^   hd    1  2Arf 

inches -;r—,  which  corresponds  to  •7r-;;;:r::;  =-tvt-'> 
2  *^  2   27,7       111 

in  pounds  averdupois.    Wherefore,  77^-=  ct,  and 

h  =  .  -T  ;  or,  if  H  express  the  altitude  in  feet, 

37  c     t 
H  =  -^.  --J-.    Substituting  the  observed  cohesion 

of  cast-iron,  and  H  =  — *—^ •-:j"==  88319  .-3-. 

8  a  a 

But  this  result  must  exceed  the  actual  strength 
of  such  pipes.  In  the  first  place,  they  will  evident- 
ly give  way,  as  soon  as  the  elasticity  becomes  im- 
paired, and  the  smallest  fissures  begin  to  open.  This 
happens  in  malleable  iron,  when  only  half  its  whole 
cohesion .  is  exerted,  and  probably  occurs  sooner  in 
cast-iron.  But,  in  the  next  place,  the  longitudinal 
tension  occasioned  by  the  perpendicular  pressure  of 
the  water  being  proportional  to  the  radius  of  cur- 
vature, must  increase,  with  the  thickness  of  the  pipe, 
from  the  inner  to  the  outer  surface.  The  particles 
are  hence  not  pulled  by  equal  and  parallel  forces,  as 
in  the  case  of  a  vertical  bar  of  iron  ;  but  must  be 
distrained  by  an  oblique  action,  which  ,will  accele- 
rate their  separation.  We  may  therefore  estimate 
the  actual  cohesion  as  reduced  nearly  one-half,  which 
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gives  in  round  numbers  H =50,000 .  ^,  or  it  will  be 

safer  in  practice  to  reckon  the  co-efficient  30,000,  or 
even  S5,000feet«  Thus,  for  a  cast-iron  pipe  of  the  very 

best  quality  a  foot  in  diameter,  and  3-4ths  of  an  inch 

i 

thick ;    H  =  30000  .  ^  =  1500  feet.     Again,  let 

15 

a  pipe  of  the  same  diameter  have  a  thickness  of  an 

inch  and  quarter  ;  and  H  =  30,000  .  -^  =2500  feet. 

Such  are  the  dimensions  of  the  cast-iron  pipes  now 
laid,  for  conveying  water  from  the  Pentland  Hills 
to  Edinburgh ;  and  such  was  the  strength  of  some  of 
them  which  had  been  formed  carefully  of  the  best  ma- 
terials, ascertained  by  means  of  a  large  forcing  pump, 
it  being  sufficient,  however,  that  the  pipes  should 
withstand  the  pressure  of  a  column  of  water  respec- 
tively of  the  altitudes  of  400  and  800  feet. 
.  Following  the  same  analogy,  the  former  leaden 
pipes  laid  ^t  Comiston,  which  were  but  four  inches 
and  a  half  wide  and  three-fifths  of  an  inch  thick, 
could  have  sustained  only  the  thrust  of  400  feet  in 

i  6 

height  of  water :   For  3000  •  j^=  3000.— =  400. 

Drawn  leaden  pipes  are,  on  the  principle  of  case- 
hardening,  considerably  stronger.  Thus,  Mr  Jardine 
has  found  that  such  a  pipe  2  inches  wide,  and  2-7ths 
of  an  inch  thick,  bears  a  pressure  equal  to  that  of  a 
vertical  column  of  water  of  600  feet ;  but  stretched 
about  the  three  hundredth  part  of  an  inch  mider  thi^ 
of  650,  and  finally  burst  after  the  columnar  pressure 
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had  been  gradually  raised  to  1200  feet.  But  the  for- 
mula for  cast  lead  would  here  give  only  428  feet. 

According  to  Tredgold,  the  lateral  cohesion  of 
oak  is  2316  lb.  for  each  square  inch.  Hence  a  pipe 
formed  of  this  tough  wood,  15  inches  in  diameter 
and  2  inches  thick,  would  sustain  a  column  of  water 

of  the  height  of  only  ^  •  1500  •  ^  =  ?  •  ^^'    ^^ 

875  f(^t.  It  would  have  required  twice  that  thick- 
ness to  enable  a  pipe  of  larch  to  bear  the  same  strain. 
Elm,  which  is  more  commonly  used  for  this  purpose, 
approaches  to  the  strength  of  oak. 

The  cohesion  of  Portland  stone  being  only  857  Ih.^ 
a  pipe  formed  of  that  material,  and  one  foot  in  dia« 
meter  and  an  inch  and  half  thick,  would  be  sufficient 
to  bear  a  pressure  of  water,  of  no  greater  altitude 

than  ?  •  500 .  Jl  =^  .  500,  or  288  feet.     Those 

elegant  pipes  lately  cut  out  of  a  block  of  free  atone, 
in  a  series  of  cores,  by  the  application  of  a  circular 
saw,  have  henee  failed,  from  their  weakness  and  their 
disposition  to  chip  and  crack. 

The  same  principles  regulate  the  strength  of  a  cir- 
cular basin  confining  water.  The  perpendicular 
pressure  against  the  wall  depends  indeed  merely  on 
the  altitude  of  the  fluid,  without  being  a£fected  by 
its  volume ;  but  the  longitudinal  efifort  of  the  thrustt 
or  its  tendency  to  open  the  joints  of  the  masonry,  is 
measured  by  the  radius  of  the  circle.  To  resist  that 
aokiooy  in  very  wide  basins,  the  range  or  course  ol 
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ttones^  along  th^  inside  of  the  wall,  must  be  proper- 
ticNially  thicker.  On  the  other  hand,  if  any  oppo- 
sing surface  present  some  convexity  to  the  pressure 
of  water,  the  resulting  longitudinal  strain  will  now 
be  exerted  in  closing  the  joints  and  consolidating  the 
building.  Such  reversed  incurvation  is  hence  gene-^ 
rally  adopted  in  the  construction  of  dams,  the  bend 
inwards  of  the  arc  being  about  the  eightieth  part  of 
the  length  of  its  chord,  while  the  exterior  boundiu-y 
is  made  rectilineal. 

If  a  solid  body,  not  subject  to  solution,  but 
placed  in  a  liquid  denser  than  itself,  it  will  sink 
till  the  pressure  which  it  encounters  from  below 
becomes  sufficient  to  support  its  entire  load,  which 
is  then  just  equal  to  the  wc^ight  of  the  portion  of 
fluid  displaced.  While  the  body  floats,  therefore, 
it  is  at  the  same  time  drawn  downwards,  and  push- 
ed directly  upwards,  by  the  action  of  two  equal  and 
opposite  forces.  The  incumbent  weight  may  be  con- 
sidered as  collected  in  its  centre  of  Gravity^  and  tibe 
sustaining  eflforts  as  united  in  the  centre  of  Buay- 
amcy^  which  is  evidently  the  same  as  the  centre  of 
gravity  of  the  water  displaced,  or  of  the  immersed 
p(»tion  of  an  uniform  solid.  To  these  two  points, 
therefore,  the  antagonist  forces  are  directed ;  and 
the  line  which  joins  them,  called  the  Line  qfJSup^ 
parti  will  have  constantly  a  vertical  position,  in  the 
case  of  equilibrium. 

The  centre  of  gravity  of  the  whole  mass,  about 
which  it  turns  in  the  water,  must  evidently  oontinne 
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invariable ;  but  the  centre  of  buoyancy  will  chang# 
its  relative  place,  according  to  the  situation  of  the 
immersed  portion  of  the  solid.  If  those  two  centres 
should  coincide,  the  body  will  float  indifferently  in 
any  position.  It  will  likewise  float,  as  often  as  a  verti* 
cal  line,  drawn  from  the  centre  of  buoyancy,  shall 
pass  through  the  centre  of  gravity.  But  this  will 
obtain  whenever  the  line  of  support  becomes  perpen- 
dicular to  the  horizon.  The  equilibrium,  however, 
may  be  either  permanent  or  instable.  It  is  per- 
manentf  if,  on  pulling  the  body  a  little  aside,  it  has 
a  tendency  to  redress  itself,,  or  to  recover  its  original 
position ;  it  is  instable^  when  the  body,  on  being 
slightly  inclined,  tumbles  over  in  the  liquid,  and  as- 
sumes a  new  situation.  These  opposite  conditions 
will  occur  in  a  body  of  irregular  form,  when  the 
centre  of  gravity  occupies  the  highest  or  the  lowest 
possible  position  ;  for,  though  the  volume  of  im- 
mersion remains  the  same,  the  solid  will  evidently 
be  less  or  more  depressed  in  the  fluid  medium,  ac- 
cording to  the  width  of  its  section  or  vHiter4ine. 

If  the  centre  of  buoyancy  stand  higher  than  the 
centre  of  gravity,  the  floating  body  will,  in  every 
declination,  maintain  its  stability^  and  regain  its  per- 
pendicular position ;  for,  though  made  to  lean  to- 
wards either  side,  the  vertical  pressure  exerted 
against  that  variable  point,  will  soon  bring  it  back 
again  into  the  line  of  support.  But  the  elevation  oi 
the  centre  of  buoyancy  above  that  of  gravity,  is  by 
no  means  an  essential  requisite  to  the  stability  of 
flotation  ;  on  the  contrary,  it  falls  in  most  cases  con- 
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siderably  below  the  centre  of  gravity  about  which 
the  body  rolls.  The  buoyant  efforts  may  be  con- 
sidered as  aeting  upon  any  point  in  the  Terticul  line, 
and,  cotisequently,  as  united  in  the  point  wh^re  this 
Hue  crosses  the  axis  oi  the  jfloating  body.  If  the 
point  of  concourse  thus  assigned  should  stand  above 
the  centre  of  grimty,  the  body  will  float  firmly,  and 
will  right  itsdif  after  msy  small  detrunAfi ;  if  it  coin- 
cide with  th^  dentre  of  gravity  ctf  a  homogeneoins 
body,  this  will  continue  in^ffisrent  widi  ifi^gard  to  po- 
sition ;  but  if  the  ^rtical  should  meet  the  axis  below 
the  <;entre  of  gravity,  the  body  will  be  pushed  for- 
Wtfds,  its  declination  always  increasing  till  it  finally 
oversets^ 

To  .begin  with  simple  and  regular  bodies :  Let  a 
wooden  sphere,  of  uniform  consistence,  be^  -set  to 
float  in  water.  It  will  sink,  till  thewei^t  of  the  fluid 
dasphteed  by  the  immerBed  portion  HFI  (fig.  144.) 
shall  be  ^^^1  to  its  own  load.  Hie  centre  of  gra^ 
vity  of  this  body  is  obviously  C,  the  centre  itself  of 
the  sphere.  But  the  centre  of  buoyancy  B  must  be 
the  centre  of  gravity  of  the  volume  of  immersion 
HFI,  and  will  therdfore  lie  below  C,  in  the  axis  KCF 
perpendicular  to  the  water*line  or  plane  of  flotation 
HI*  The  ball  is  hence  pressed  down  by  its  own 
weight  ooUected  at  C,  and  pushed  up,  in  the  opposite 
diref^ioiQ,  fay  wi  equal  force  combined  at  B,  both  of 
the  forces,  however,  concurring  in  the  same  point  C* 
Wherefore,  being  always  held  in  equilibrium  by  those 

VOL.  I.  X 
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antagonist  forces,  it  will  remain  still  in  any  position 
which  it  happens  to  occupy.  But  this  indifference 
to  floating  will  obtain  only,  when  the.  sphere  is  per- 
fectly homogeneous,  and  its  centre  of  gravity  coin- 
cides with  the  centre  of  magnitude ;  for  otherwise 
the  former,  descending  as  low  as  possible,  would  al- 
ways assume  a  determinate  position. 

Suppose  next  a  mere  segment  of  the  sphere  to 
float  in  water.  The  centre  of  gravity  G  (fig.  145.) 
of  this  homogeneous  body,  will  now  lie  below  the  cen- 
tre of  the  sphere,  and  in  the  axis  AF  at  right  angles 
to  its  base  D£ ;  but  B,  the  centre  of  buoyancy,  or 
the  centre  of  gravity  of  the  immersed  segment  HFI, 
must,  in  every  situation  of  the  floating  mass,  occur 
in  a  perpendicular  bisecting  the  water-line  HI,  and 
consequently  passing  through  the  centre  of  the 
sphere.  In  the  case  of  equilibrium,  this  perpendi- 
cular must  have  a  vertical  position,  or  the  inverted 
base  of  the  segment  must  form  a  horizontal  plane. 
Suppose  the  body  to  be  drawn  aside  into  the  posi- 
tion D'F'E' ;  it  will  then  be  pressed  down  by  its 
own  weight  collected  at  G,  and  pushed  upwards  by 
an  equal,  buoyant  power  exerted  at  B,  in  the  oppo- 
site direction  BC.  But  this  force  may  be  conceived 
to  act  upon  any  point  in  the  line  BC,  and  thei'efore 
at  the  centre  C,  the  concourse  of  the  two  axes  CF 
and  CF^  The  buoyancy  transmitted  to  C  hence 
pushes  the  axis  CF'  obliquely,  the  greater  part  of  it 
heaving  the  point  C  in  the  direction  FC,  and  an- 
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Other  small  part  pressing  C  perpendicular  to  CF^ 
or  CG',  and  making  the  body  turn  about  its  centre 
of  gravity  G,  from  E'  towards  E.  Every  derange- 
ment is  thus  corrected  by  a  restoring  energy,  which 
maintains  a  permanent  equilibrium. 

Suppose  an  oblate  homogeneous  spheroid  (fig. 
146.)  were  now  substituted  for  the  entire  sphere. 
Since  its  transverse  sections  are  proportional  to  the 
corresponding  sections  of  a  sphere  described  about 
the  shorter  axis,  it  will  sink  to  the  same  depth  AF 
as  before,  and  carry  the  centre  of  buoyancy  B  into 
a  like  position.  The  declination  of  the  axis  from 
CF  to  CF\  occasions  that  point  to  shift  its  relative 
place  from  fi  to  fi^  The  change,  however,  is  pro- 
duced, by  the  wedge  EAE'  being  joined  to  the  one 
side  of  the  immersed  segment,  and  the  wedge  DAD' 
taken  away  from  the  other  side.  Wherefore  the 
bulk  of  the  half  segment  AFE  is  to  that  of  the  ac- 
crescent wedge  EAE^  as  AO,  the  distance  of  the 
centre  of  gravity  of  the  former,  to  BB',  the  lateral 
evagation  of  the  centre  of  buoyancy.  That  propor- 
tion between  the  segment  and  its  wedge  is  the  same, 
both  in  the  sphere  and  the  spheroid ;  but  the  distance 
AO,  being  increased  by  the  oblateness  of  the  figure, 
the  variation  BB'  is  augmented  in  the  like  ratio. 
Now  the  triangles  BcB'  and  £AE^  being  similar,  it 
follows  that  Be  must  be  greater  than  BC,  and  that 
the  effort  of  buoyancy  is  exerted  at  a  point  above 
the  centre  of  gravity  of  the  spheroid.     This  verti- 

x  2 
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cal  thrust  tends  consequently  to  redress  the  floatttig 
body,  and  to  secure  its  stable  equilibrium. 

On  the  other  hand,  let  a  prolate  spheroid  (6g.  l"^*) 
be  immersed  in  water  or  any  other  liquid.  Its  plane 
of  flotation,  and  its  centre  of  buoyancy  will  each 
have  the  sa'me  height,  as  in  a  sphere  deseribed  on 
the  longer  axis.  But  the  shifting  of  that  point  from 
fi  to  B'  will  be  diminished  in  proportion  to  the  nar- 
rowness of  the  spheroid.  Wherefore  the  vertical  B'c 
will  meet  the  principal  axis  below  the  centre  of  gra^ 
vity  of  the  solid,  and  will  push  it  still  more  aside,  till 
the  spheroid  falls,  and  extends  its  longer  diameter  in 
a  horizontal  position.  It  may  then  roll  indifierent^ 
ly  upon  that  line,  as  the  sphere  itself  turns  about  its 
centre. 

But  to  investigate  the  subject  more  generally,  let 
HAIF  (fig.  148.),  a  solid  of  any  form,  not  ab^ 
ruptly  irregular,  be  set  to  float  in  -water.  The 
principal  axis  AF  will  divide  it  into  correspondent 
equal  portions,  and  will  cross  the  plane  of  flotation 
HNI  at  right  angles.  Conceive  the  body  to  be  now 
slightly  inclined,  the  water-line  being  moved  into 
the  position  H^NI^  and  the  corresponding  vertical 
into  AF :  The  change  AB'  of  the  centre  of  buoy-^ 
ancy  or  of  the  centre  of  gravity  of  the  submerged 
part  HFI,  will  be  to  the  distance  NO  of  the  lateral 
wedge  INF,  as  the  contents  of  this  wedge  is  to  the 
capacity  of  the  segment  NIF.  Wherefore  BB'  is 
proportional  to  the  sine  of  the  angle  INF  or  of 


NATURAL  PHILOSOPHY.  335 

BNB^  and  consequently  fiM  is  proportional  to  the 
sine  of  the  angle  RWM  or  to  the  radius,  and  must 
thus  be  constant.  While  the  floating  solid  thus 
varies  its  inclination,  and  the  centre  of  buoyancy 
shifts  its  place,  the  point  M  in  tibe  axis  where  the 
effort  to  redress  the  body  is  exerted  remains  unalter- 
ed, like  the  centre  of  gravity  itself.  Such,  at  least, 
is  its  constancy  in  all  moderate  oscillations ;  and, 
from  the  relal;ive  position  it  holds,  all  the  properties 
of  floating  bodies  are  easily  derived.  That  charac- 
teristic point,  standing  always  above  the  centre  of 
gmvity  of  the  mass,  and  limiting  its  greatest  eleva- 
tion in  the  case  of  permanent  stability,  was  hence 
called  by  Bouguer,  to  whom  we  are  indebted  for  all 
this  fine  theory,  the  Metacentre. 

Let  the  floating  body  be  a  homogeneous  parallelo- 
ptped  (fig.  149)*  If  placed  vertically  in  the  liquid, 
it  will  evidently  sink,  till  the  immersed  part  NF 
shall  be  to  its  whole  height  AF,  as  its  density  is  to 
that  of  the  fluid.  The  centres  of  gravity  and  of 
buoyancy  will  evidently  be  the  points  C  and  B,  in 
the  middle  of  the  axis  AF  and  of  its  depressed  por- 
tion NF.  Conceive  the  solid  to  be  now  inclined  to 
one  side,  shifting  its  water-line  from  the  position 
HNI  into  HTNl'.  The  centre  of  buoyancy,  in 
making  a  corresponding  change  from  B  to  B',  will 
^lescribe  a  small  arc  of  a  circle  ;  for  B'  will  be  raised 
in  relation  to  the  altitude  OP  of  the  centre  of  gra- 


32()  ELEMENTS  OF 

vity  of  the  triangle  INI',  as  the  area  of  the  rectangle 
NIF  to  that  of  the  triangle,  while  B'  is  carried  la^ 
terally  in  the  same  ratio.  But  the  rectangle  NIF  is 
to  the  triangle  INP,  as  NF  to  ^ir,  and  therefore 
NB=§NI  J   whence  NF  :  ^11'  :  :  fNI  :  BF,  and 

Ni  ir 

BB' :  BM  :  :  ir  :  Nl,  and  consequently  the  height 

Nl*        HP 
BM  of  the  meta^entre  is    ^pOr      ^|x^     Let  AF, 

the  altitude  of  the  parallelopiped,  be  denoted  by  a, 
its  breadth  or  thickneiss  HI  by  6,  and  its  density  by 
X.  When  the  metacentre  coincides  with  the  centre 
of  gravity,  and  the  solid  floats  passively  and  indif- 
ferent to  its  position,  BM  is  equal  to  BC  or  to 

AF-^BF  b*       a^-'^dx 

— ^ ,  and  therefore  j^  =  —^.  Whence, 

by  reduction,  we  obtain  ^* = \^*x-^\9a*a!^ ,  and  the 

b* 


quadratic  equation  ip* — x  =  — ^-j.     Of  which,  the 

two  roots  are  i  =i=  y/\^ — T"^    J.     If  the  paral- 

lelopiped  become  a  cube,  then  a=&,  and  the  two  den- 
sities  of  indifferent  flotation  are  ^r±=^Tff>  or  express- 
ed in  approximate  numbers  —  and  — .      Between 

these  limits,  there  can  be  no  stability ;  but  above,  or 
below  them,  the  floating  again  acquires  permanence* 
Hence  a  cube  of  beech  will  float  erect  in  water. 
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while  one  of  fir  or  cork  will  overset ;  yet  all  these 
three  cubes  will  stand  firmly  when  set  upon  the  sur- 
face-of  mercury. 

Let  the  radical  part  of  this  expression  vanish,  and 
3a* =26*,  or,  in  approximate  numbers,  11a =96. 
Hence  a  parallelopiped,  of  half  the  density  of  water, 
and  having  9  inches  for  its  altitude  and  11  inches 
for  the  side  of  its  square  base,  would  float  indifiPerent- 
ly.  But  if  its  density  were  either  increased  or  di- 
minished, it  would  gain  stability.  Thus,  if  the  den- 
sity were  two-thirds  of  that  water,  the  metacentre 
would  stand  yf  parts  of  an  inch  above  the  centre  of 
gravity,  and  y|  above  it,  were  the  density  reduced 
to  one-third.  A  parallelopiped,  with  such  propor- 
tions, might  therefore  in  every  case  continue  erect. 

It  might  likewise  be  proved,  that  if  the  parallelo- 
piped were  set  upon  water  with  one  of  its  solid  an- 
gles upwards,  the  stability  would  be  limited  within 
the  densities  of  -^^  and  ||.  In  short,  if  the  specific 
gravity  were  greater  than  /y,  or  less  than  f  f ,  the  so- 
lid would  permanently  float  in  that  position  ;  but  if 
this  were  either  less  than  the  former,  or  greater  than 
the  latter,  it  would  overset. 

A  cylinder  will,  according  to  its  density  and  the 
proportion  of  its  diameter  and  altitude,  exhibit  the 
three  features  of  a  floating  body, — indifference,  in- 
stability, or  permanence  of  equilibrium.  When  this 
uniform  solid  is  placed  with  its  axis  horizontal,  it 
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will  sink  always  to  th^  mme  depth  i^  tlie  water,  and 
the  centre  of  buoyancy  will  occur  likewise  at  a  given 
depth  in  a  perpendicular  from  the  middle  of  that 
line  to  the  place  of  flotation,  and  therefore  in  the 
vertical  passing  through  its  centre.  The  cylinder 
thus  levelled  may  hence  repose  in  a  horizontal  poai- 
tion,  the  opposite  forces  being  constantly  balanced. 
Let  the  cylinder  be  now  set  perpendicularly  upon 
its  end  in  the  water.  It  will  evidently  sink,  till  its 
depth  NF  (fig.  150.)  of  immei*sM)n  shall  be  to  its 
whole  height  AF,  as  its  density  is  to  that  of  the 
fluid.  The  point  C  in  the  middle  df  the  axis  will 
be  the  centre  of  gravity  of  the  cylinder,  and  B,  the 
middle  of  the  impiersed  portion,  will  mark  the  cen- 
tre pf  buoyancy.  Suppose  the  floating  body  to  be 
pressed  to  one  side,  so  that  the  water-line  shall 
change  its  position  from  HNI  to  H^NP ;  the  centre 
pf  buoyancy,  from  the  accession  of  the  circular 
wedge  INI'  and  the  defect  of  H'NH',  must  likewise 
proportionally  shift  its  place,  from  B  to  B'.  But  it 
may  be  shown  that,  t  denoting  the  circumferenee  of 

IT 

a  circle  of  which  the  diameter  is  unit,  ~  .  NI^  .  II' 

will  represent  the  product  of  the  contents  of  the 
circular  wedge  INF  into  the  distance  of  its  centre 
of  gravity  from  N.     Consequently  the  quotient  of 

this  expression  by — - — ^ ,  ,the  solidity  of  the 
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half  cylinder  NFI,  will  give  the  evagation  BB^  of  the 

Ni .  ir 

centre  of  buoyancy,  which  is  therefore  =    a-^jt^  * 

But  the  triangles  INI'  and  BMB'  being  evidently 

similar,  ir  ;  NI : :  BB' :  BM.     Whence,  by  substi- 

NI* 
tution,  the  altitude  BM  of  the  metacentre  is  -ttff. 

4NF 

HP 
or  jin^*     I^^t  the  height  of  the  cylinder  be  de- 
noted by  hy  its  diameter  by^  df  and  its  specific  gra- 
vity by  X }    then  NF  =  hx,  BC  =   --^ — ,  and 

BM  =  T^T- .     Wherefore  an  equilibrium  of  indiffe- 

rence  will  obtain,  when  — ^ —  is  equal  to^  ^^,  or 

Sh*x — Sh^x*z::(Pf  and  hence  the  quadratic  equa* 

tion  X* — X  =  —  TTTT .     Of  which,  the  two  roots  are 

8A* 

a:  =  ^  =fc  ^  r^gp^^Y     If  2A*=rf%  the  part  af- 

fected  by  the  radical  sign  vanishes,  and  these  two 
roots  become  equal.  Wlien  the  density  of  the  cyr 
Under,  therefore,  is  .5,  and  the  ratio  of  its  diameter 
to  its  altitude  is  that  of  1  to  ^2,  the  solid  will  float 
indifiernotly  in  its  v^ical  poaition.  Suppose,  for 
the  sake  of  round  numbers,  the  height  of  the  cylin* 
der  to  be  IS  inches,  and  the  diameter  of  its  hBde  17 
inches  :  It  will  sink  6  inches  in  the  water,  and  con« 
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sequently  the  centre  of  buoyancy  will  lie  S  inches 
below  the  centre  of  the  mass.     But  the  metacentre 

.  •     .1,  •  *  ^     (17)*      289       « 

will  meet  m  the  same  pomt,  tor  t^4j-  =  -q^-  =  3. 

If  the  density  were  increased  to  .75,  the  depression 
would  be  9  inches,  and  the  distance  of  the  centre 
of  buoyancy  from  the  general  centre  of  gravity  only 

1  finches.     Now  j'^^    =  -71  =  2 ;    so   that   the 

metacentre  would  stand  half  an  inch  above  the  cen- 
tre of  the  cylinder,  and  would  therefore  secure  its 
equilibrium.  Were  the  density  of  the  solid  reduced, 
however,  suppose  to  one-third,  the  depression  would 
be  only  four  inches,  leaving  the  centre  of  buoyancy 
likewise  4  inches  below  the  centre  of  gravity.     But 

(UY      289 

\?   \,  =-777-  —  44-  =  the  distance  of  the  metacen- 

16x4       04  * 

tre.     The  cylinder  will  hence,  with  this  diminished 

density,  yet  maintain  a  stable  equilibrium. 

Let  the  diameter  and  altitude  of  the  cylinder  be 

equal  ;  then  x  :=  ^=i=^^,  and  the  two  values  of  the 

density,   expressed  in   approximate   fractions,    are 

17  S 

—  and  — ,     Any  intermediate  density  will  be  at- 

tended  with  instability.  Thus,  suppose  the  density 
of  the  cylinder  were  three-fifths,  its  height  being 
90  inches,  it  would  sink  12  inches,  and  bring  the 
centre  of  buoyancy  6  inches  below  the  general  centre 
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of  gravity.     But  j^^  =192  =  ^^*^*  *^®  altitude 

of  the  metacentre,  which  therefore  Hes  below  the 
centre  of  gravity,  and  must,  from  its  position,  over- 
set the  cylinder.  On  the  other  hand,  if  the  density 
transgress  those  limits,  whether  in  excess  or  defect, 
a  permanent  equilibrium  will  result.  Supposing  the 
density  to  be  .9)  the  depression  is  18  inches,  and 

ikxl8  =  288  =  ^"  '  *^  *^***  *^  metacentre 
stands  ^  of  an  inch  above  the  centre  of  gravity. 
Again,  let  the  density  be  .1,  the  corresponding  de- 

pression  is  2,  and  |\.  ^  =  ^  =  12| ;  the  metacen- 
tre being  now  Si  inches  above  the  centre  of  gravity. 
Hence  a  wooden  cylinder  of  equal  height  and  dia- 
meter, which  cannot  stand  erect  in  water,  will  yet 
maintain  a  vertical  position  when  set  upon  quick- 
silver. 

Suppose,  lastly,  the  floating  body  to  be  a  parabo- 
lic conoid,  (fig.  151.)  with  its  base  upwards  and  its 
axis  vertical.  The  part  immersed  having  only  half 
the  contents  of  the  corresponding  portion  of  the 

NP 

cylinder,  the  height  BM  of  its  metacentre  is  ^f^^ 

or  half  the  parameter  of  the  generating  parabola. 
But  the  centres  of  gravity  of  the  whole  and  of  the 
submerged  part  occur  at  two-thirds  of  the  respective 
altitudes,  while  the  bulks   or  weights  are  as  the 
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squares  of  those  altitudes.  Wherefore,  assuming 
the  former  notation,  it   follows  that  the  equation 

§(A — h^yx)  =  2j  will  correspond  to  the  case  of 

iodifierent  equilibrium.     Now,  by  reduction, 

16A»  —  v^a?.l6A*  =  SeT, and ^ a:  =  1  — rrajz  or 

1 —  jgp  I  .     When  3rf*  =  16A%  the  va- 

lue  of  X  vanishes ;  but  so  long  as  the  ratio  of  ^  3  to 
4,  or  that  of  id  to  30  nearly,  subsists  between  tlie 
<dltitude  fluid  the  diameter  of  the  solid,  its  equilibriim 
will  remain  firm  at  every  given  diensity.  If  the  al- 
titude and  diameter  become  equal,  the  specific  gra- 
vity which  would  occamon  indiflference  of  flotation 

is  — ^  or  .66.     Any  increase  of  density  beyond  this 

limit  would  procure  stability.  Let /» denote  the  para- 
meter  of  the  generating  parabola,  and  Aph  =:-^,  or 

ph  =  Sdf* ;  whence  1  —  ^  ==  i/  ^-      Thus,  while 

the  parameter  continues  invariable,  the  altitude  of 
the  parabola  may  be  made  to  procure  indifierence  of 
floating,  for  every  degree  of  density.  The  corre- 
sponding depth  of  immersion  is  xh^  or  the  portion 
of  the  axis  above   the  water-line  is  expressed  by 

These  remarks  will  explain  the  cause  of  the  ovfir* 
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setting  of  the  huge  masses  of  ice  which  float  within 
the  Arctic  Circle.  Such  enormous  blocks  mre  gene- 
rally of  a  columnar  shape^  approaching  to  the  form 
of  a  parallelepiped  or  of  a  cylinder,  though  perhaps 
occa^onally  contracted  below.  The  upper  surface 
thaws  slowly,  from  the  action  o(  the  atmosphere,  as 
the  summer  advances ;  the  under  side  likewise  melts 
at  first,  but  becomes  soon  protected  by  a  stratum  of 
fresh  water  of  the  same  temperature,  consisting  of 
the  dissolved  portion  of  the  ice  which  is  upheld  by 
the  superior  density  of  the  surrounding  medium. 
The  principal  waste  of  the  icy  mass  taking  place 
along  its  submerged  sides,  the  current  of  melted  wa- 
ter continually  rises  upwards,  and  leaves  a  new  sur- 
fiice  to  the  attack  of  a  warmer  current.  After  the 
width  of  the  vast  column  has  become  thus  diminish- 
ed beyond  a  certain  ratio  to  its  height,  it  tumbles 
over  upon  its  side. 

To  determine  this  Kmit,  suppose  the  floating 
block  to  be  first  a  parallelepiped.  Let  the  height  a 
be  denoted  by  h^  and  the  side  b  of  the  base  by  %  / 
since  the  density  of  ice  compared  with  that  of  sea- 
water  is  .SOf  the  depth  of  submersion  will  be  .89  h. 
Wherefore  the  metacentre  will   coincide  with  the 

centre  of  gravity,  when  qq^  =  Ax.055.    Con- 

sequently,  by  reduction,  y*  =  .5874,  and  y  =  .766. 
Hence  the  icy  parallelepiped  will  overset,  the  mo- 
ment its  breadth  approaches  to  three-fourths  of  its 
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» 

altitude.  Thus»  if  the  whole  height  of  the  masfik 
were  1000  feet,  890  feet  would  sink,  leaving  110 
feet  to  tower  above  the  surface*  The  elevation'  of 
the  centre  of  gravity  beyond  that  of  buoyancy  would 
h^nce  be  55  feet,  which  is  the  limit  of  the  metacen- 
tre  after  the  base  of  the  column  has  been  reduced  to 
a  breadth  of  766  feet. 

Again,  suppose  the  ice  to  have  a  cylindrical  form* 
Assuming  the  same  data  as  before,  we  shall  have 

,/y  =  ^~:^^,  and  hence  y*  =  16  x  ,89  x  .055 
l6x.89a  2  ^ 

=  .  7832.  ^Vherefore  y  =  .885.  A  cylindrical 
mass  of  ice  1000  feet  altitude  would  sink  889  feet 
in  sea-water  ;  but  when  the  diameter  of  its  base 
was  reduced  to  nearly  the  same  quantity,  or  885, 
it  would  overset.  The  instability  of  the  cylinder 
thus  begins  sooner  than  that  of  the  parallelopiped, 
taking  place  when  the  width  below  becomes  eight- 
ninths  instead  of  three-fourths  of  the  whole  height. 
But  the  greater  extension  of  the  summit,  owing  to 
its  slow  waste,  may  in  every  case  hasten  the  period 
of  overwhelming  the  icy  column. 

Lastly,  conceive  the  block  of  ice  to  be  wasted  and 
rounded  below  into  the  shape  of  a  parabolic  conoid* 
At  the  moment  when  its  equilibrium  fails,  we  have 

seen  that  ^  a:  =  1  — tt^.  ^^t  ^h®  density  of  ice 
in  relation  to  sea-water  being  .89f  it  follows  that  the 
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3d* 
square  root  of  this,  or  .9435  =  1 —  t^tj>  wid  hence 

^^  =  .0565  ;   wherefore   ~  =  .30133,   or  ?  = 
Ion*  n  h 

y/  .30133  =  .549.      Whenever  the  mass  has  its 

l](ase  reduced  in  the  ratio  to  its  depth  of  about  11 

to  20,  it  will  suffer  a  total  inversion,  its  lowest  point 

being  whelmed  uppermost.     This  form  of  a  body  of 

ice  would,  therefore,  suffer  a  greater  previous  waste  ; 

but  its  balance  is  at  last  more  completely  destroyed. 

Stability  in  every  case  becomes  precarious,  after  the 

breadth  of  a  block  is  inferior  to  its  depth. 

To  investigate  generally  the  conditions  of  a  floating 
body,  let  HAIF  (fig.  148.)  represent  the  vertical 
section,  the  point  C  being  the  centre  of  gravity  of 
the  whole,  and  situate  in  the  principal  axis  ANF, 
while  B  indicates  the  centre  of  gravity  of  the  immer- 
sed portion  HIF,  or  the  centre  of  buoyancy.  When 
the  solid,  declining  from  its  vertical  position,  changes 
the  water-line  from  HNI  to  H^NI',  the  centre  of 
buoyancy  shifts  from  B  to  B'.  It  is  evident  that  the 
area  of  the  segment  HIF  will  be  to  the  areas  of  both 
the  accrescent  triangle  NII^  and  the  deficient  trian- 
gle HNH^  as  NO,  the  distance  of  the  centre  of  gra- 
vity of  the  former,  is  to  BB".  But  the  areas  of  those 
triangles  being  equal  to  NI  x  II',  and  the  distance 
NO  equal  to  two-thirds  of  NI ;  it  follows  that  the 
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area  of  HIF  is  to  NI  x  II,  as  f NI  to  BB'.  Again, 
from  the  similar  triangles  lAI'  and  BNB',  II'  is  to 
NI  as  BB'  to  BM;  whercjfore,  by  compounding 
those  analogies,  the  area  of  HIF  is  to  the  square  of 
NI»  as  §1^1  is  to  BM,  the  height  of  the  Baetacentre 
above  the  centre  of  buoyancy.  Hence,  the  area  of 
the  section  HIF  being  denoted  by  A,  and  the  width 

of  the  water-line  HNI  by  J ;  A :  ( ^)  •  •  "q  •  ^^> 

b*      b  b^ 

or  A  :  -  :  :  -  :  BM  =  -^^     The  Flotation  will 
4       S  12A 

heTice  be  stable^  oniy  when  the  queHent  of  the  cube 
of  the  breadth  HI  by  twelve  times  the  area  of  the 
segment  HIF  exceeds  the  interval  JBC  between  the 
centre  of  gravity  and  that  of  buoyancy.  The  atairi* 
lity  of  a  ship  is  hence  greatly  augmented  by  increa- 
sing the  dimension  of  the  water-line. 

The  area  of  any  section,  and  consequently  the  po- 
sition of  its  centre  of  gravity,  may  be  determined,  to 
any  degree  of  accuracy,  by  the  methbd  proposed  by 
Newton,  and  improved  by  Stirling  and  Simpson,  of 
drawing  a  line  of  the  parabolic  kind  through  any  gi** 
ven  system  of  points.  If  the  parallel  sections  weie 
all  equal,  the  calculation  of  the  altitude  of  the  meta- 
centre  would  be  concise  and  direct.  When  those 
sections  are  unequal,  the  area  of  each  is  to  be  multi- 
plied into  the  corresponding  height  of  the  metaeentre^ 
and  the  sum  of  the  products  divided  by  the  aggre- 
gate contents  of  the  immersed  part  of  the  solid.     In 
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the  ciase  of  a  merchant  ship,  it  may  furnish  a  tole- 
rable approximation  to  take  the  section  near  to  the 
proWi  where  the  gink  is  commonly  largest. 

It  will  not  differ  mudi  from  the  truth,  to  amime 
the  cross  secticm  of  the  hull  of  a  ship  as  of  the  form 
of  a  parabola*  Wherefore^  the  height  of  the  meta- 
eentre  abote  the  cefirtre  of  buoyancy,  or  BM  (fig^ 
15S«)  is  equal  to  the  eube  of  HI,  the  breadth  of 
the  water-line,  divided  by  twelve  times  the  area  of 
HFI,  or  of  two-thirds  of  the  rectangle  under  HI, 
and  the  depth  of  immersion  NF«  Consequently, 
j.^         HP  HP       NP       ^^    .    , 

^^=  8HI:NP=  8NF"  SNF  ^^  ""  ^""^^ 
equal  to  half  the  parameter  of  the  parabola,  or  to  the 
double  of  its  focal  distance.  But  FB,  the  altitude  of 
the  centre  of  buoyancy,  is  equal  to  f  NF,  and  there- 
fore  FB,  the  whole  height  of  the  m^tacentfe  above 

thekeel  is  ^NF  +  ^L  -  g^F^+fflJ^ 
tne  keel,  is  yJNi?  +  ^NF"        ToNF — ' 

Such  is  the  height  of  the  metacentre  above  the 
keel,  on  the  supposition  that  the  vertical  sections  of 
the  hull  are  all  equal,  as  may  be  nearly  the  ease  in 
long  tvack-boats.  But  the  figure  of  the  keel  in  most 
vessels  fitted  for  sailing  approaches  to  a  semi-ellipse, 
which  is  likewise  the  general  form  of  an  horizontal 
section.  Owing  to  these  conjoined  modifications,  the 
metacentre  is  on  the  whole  depressed  by  one^fourth 
part,  and  consequently  its  altitude  above  the  centre 

VOL.  I.  T 
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of  buoyancy  wUl  be  expressed  by  f  .gj^j,  =  g|^. 

Suppose,,  for  the  sake  of  illivtration,  a  ship  whoflN^ 
water-line  is  40  feet  wide,  and  its  depth  of  immer- 
sion 15  feet.     Here  -b-T^=  tt^pt  =  10  f^t :  but 

8.15        120    •  ' 

the  centre  of  buoyancy,  or  the  centre  of  gravity  of 
the  immersed  portion  of  the  hull,  falls  6  feet,  or 
f  X 15  below  the  water-line,  and  hence  the  metacen- 
tre  stands  four  feet  above  it.  Hie  ship  will  there* 
fore  float  securely,  so  long  as  the  general  centre  of 
gravity  is  kept  under,  that  limit,  or  less  than  four 
feet  above  the  plane  of  flotation.  In  loaded  vessels, 
the  centre  of  gravity  has  been  found  to  be  common- 
ly higher  than  the  centre  of  buoyancy,  by  about  the 
eighth  part  of  the  extreme  breadth.  Wherefore,^ 
in  the  present  instance,  the  centre  of  the  whole  mass 
would  lie  still  one  foot  below  the  surface  of  the  wa- 
ter, or  five  feet  lower  than  the  metacentre,  leaving 
ample  space  for  maintaining  the  stability  of  the 
ship. 

Such  is  the  position  of  that  metacentre  situate  in 
the  vertical  plane  at  right  angles  to  the  longitudinal 
axis,  and  which  regulates  the  rolling  of  a  vessel  from 
side  to  side.  But  there  is  another  similar  point  in 
the  plane  of  the  masts  and  keel,  which  determines 
the  pitching^  or  the  movement  of  alternate  rising 
and  sinking  of  the  prow.  The  altitude  of  this 
metacentre  is  derived  from  the  same  formula^  by 
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inerely  substituting  the  length  for  the  breadth  of  the 
Vessel.     Thus,  let  the  keel  measure  180  feet,  and 

?^^=  202i  feet.  ©With  such  powerful  stability, 
0.I0     -  - 

therefore,  in  the  direction  of  its  course,  a  ship  can 
scarcely  ever  founder  in  consequence  of  pitching  at 
oeci*  t 

The  formuk  now  given  for  computing  the  height 
of  the  metacentre  above  the  centre  of  buoyancy, 
may,  with  some  modification,  be  deemed  sufficiently 
accurate  in  practice.  It  is  best  adapted,  however, 
for  cutters  or  frigates,  and  will  'require  to  be  some- 
what diminished  in  the  case  of  merchant  vessels. 
The  late  Mr  Atwood  performed  a  laborious  calcula- 
tion on  the  hull  of  the  Cuffiiells,  a  ship  built  for  the 
service  of  the  East  India  Company,  having  divided 
it  into  34  transverse  sections,  of  five  feet  interval. 
The  result  was,  that  the  metacentre  stood  only  4 
feet  3  inches  above  the  centre  of  buoyancy.  But 
that  ship,  being  designed  chiefly  for  burthen,  ap- 
pears from  the  drawings  to  have  been  constructed 
after  a  very  heavy  model,  its  vertical  sections  ap- 
proaching much  nearer  to  rectangles  than  parabolas. 
To  suit  it,  the  formula  above  given  would  have  re- 

NI* 
quired  to  be  reduced  two-thirds,  or  rj^^.  Now,  the 

breadth  of  the  principal  section  was  43  feet  and 
2  inches,  and  its  breadth  22  feet  9  inches.    Whence 

Y  2 
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—   *  ^  =5.1  feet,  differing  little  from  the  conclu* 
sion  of  a  stricter  but  very  teci||us  procedure. 

Since  the  height  of  the  metaecnntre  is  inversely  M 
the  draught  of  a  vessel,  and  directly  as  th^  sqtiane 
of  its  breadth,  its  stability  depends  mainly  on  tta 
spreading  shape.  This  property  is  an  essential  con- 
dition in  the  construction  of  life-boats^  But  the 
lowering  even  of  the  centre  of  gmvity  has  been 
found  to  be  sometimes  insufficient  to  procure  0tabi^ 
lity  to  new  ships,  which,  after  various  ineffectual  irt- 
tempts,  were  rendered  serviceable,  by  applying  a 
sheathing  of  light  wood  along  the  outside,  and  thus 
widening  the  plane  of  flotation. 

It  is  not  very  difficult  to  determine  the  centre  of 
buoyancy,  by  guaging  the  immersed  part  of  the  hulK 
A  cubic  foot  of  sea-water  weighs  64  lb.  averdupois, 
and  thirty-five  feet,  therefore,  make  a  ton.  The 
load  of  the  vessel  corresponding  to  every  draught  of 
water  may  be  heUce  computed.  But  to  find  the 
place  of  the  centre  of  gravity  \%  more  difficult ;  since 
this  depends  less  upon  the  figure  of  the  hull  than 
upon  the  disposition  of  its  internal  burthen.  Con- 
ceive a  horizontal  plane  to  touch  the  bottom  of  the 
vessel,  and  let  the  weight  of  each  part  of  the  timbers 
and  of  the  cargo  be  multiplied  into  their  height 
above  it ;  the  sum  of  all  these  products,  divided  by 
the  accumulated  load,  will  give  the  altitude  of  the 
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centre  of  gravity*  AgW)*  suppose  another  plane 
at  right  angle$  to  the  longitudinal  axis  of  the  ship, 
to  touch  its  bow ;  th^  perpendiculars  drawn  to  this, 
from  ^very  part  of  the  hull  and  cargo,  are  to  be 
multiplied  into  the  several  weights,  and  the  quotient 
of  the  total  amount  by  the  general  load  will  give 
the  distance  of  the  common  centre  of  gravity.  Such 
a  calculation,  however,  would  involve  a  tedious  muL 
ti^lieity  of  details. 

The  height  of  the  metacentre  above  the  centre  of 
gravity  in  a  loaded  vessel,  may  be  discovered  by  a 
simple  observation.  I^et  a  long,  sti£P,  and  Jight 
beam  be  projected  transversely  from  the  middle  of 
the  deck,  and  a  heavy  weight  suspended  from  its 
remote  end,  mclming  the  ship  to  a  certain  angle, 
which  is  ^ly  measujned.  Thus,  if  NL  (fig.  151.) 
represent  this  lever,  P  the  weight  attached,  M  the 
metacaitre,  and  CMQ  the  declination  produced,  C 
being  the  centre  of  gravity,  and  CR  a  perpendicu- 
lar drawn  from  k  to  the  vertical  LP.  The  powa: 
of  the  weight  P  to  redress  the  vessel  will  be  express- 
ed by  P  x  CR  i  but,  W  xlenoting  the  entire  load« 
the  effort  exerted  at  the  m^cenl^re  to  keep  the 
mast  erect,  will  be  represented  by  W  x  CQ,  or 
W  X  CM  X  sin  CMQ.  Wherefore  P  x  CR  = 
W  X  CM  X  sin  CMQ,  and  consequently  the  elot 
vation  CM  above  the  centre  of  gravity  is  expressed 

by  ffr*' -  pTLfrA'  ^^^  ^^  ™*y»  without  any  sen- 
sible error,  be  assumed  as  equal  to  the  length  LM 
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of  the  beam  from  the  middle  of  the  deck.  Suppo- 
sing the  height  of  the  metacentre  to  be  3  feet  10^ 
inches  above  the  centre  of  grdKty,  a  weight  equal  to 
the  two  hundredth  part  of  the  burthen  or  tonnage 
of  the  ship,  and  acting  on  a  lever  of  5.0  feet  in  length, 
would  occasion  a  declination  of  five  degrees.  If 
the  experiment  were  performed  in  a  wet-dock,  or  on 
a  smooth  calm  sea,  such  small  angle  could  be  mea- 
sured with  sufficient  accuracy.  In  calculating  the 
effect  of  this  disturbing  influence,  it  is  easy  to  per- 
ceive,  that  half  the  weight  of  the  beam  should  be  an- 
nexed to  P.  The  distance  MB  of  the  metacentre 
from  the  centre  of  buoyancy,  having  been  ascertain- 
ed by  a  previous  computation,  the  height  BC  of  that 
unvarying  point  above  the  centre  of  gravity  is  thence 
deduced.  A  trifling  correction  may  be  likewise 
made,  for  assuming  CR  as  equal  to  NL  ;  by  dimi- 
nishing NL  first,  by  its  product  into  the  versed  sine 
of  the  inclination,  and  next  augmenting  it,  by  the 
product  of  CN  into  the  sine  of  that  angle.  The 
same  result  might  be  obtained,  in  ships  of  war,  by 
a  more  complex  calculation,  indeed,  from  the  ordi- 
nary process  of  heelinffy  when  the  guns  are  all  run 
out  upon  one  side. 

A  similar  observation  might  discover  the  altitude 
of  the  longitudinal  metacentre  of  the  ship,  above 
the  common  centre  of  gravity.  But,  acting  in  this 
direction,  a  greater  load  will  be  required  to  produce 
a  sensible  depression.  Let  such  a  load  be  carried  to 
the  prow  of  the  vessel,  and  again  transferred  to  the 
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s$tern.  The  intermediate  place  of  the  centre  of 
gravity  is  hence  determined,  for  its  distances  from 
those  opposite  points  of  pressure  must  evidently  be 
inversely  as  the  corresponding  angles  of  inclination. 
The  small  aberration  of  the  centre  of  gravity  occa- 
sioned by  the  interchange  of  these  loads,  may  like- 
mse  be  computed.  Finally,  therefore,  the  product 
of  either  load  into  its  distance  from  the  centre  of 
gravity,  being  divided  by  the  product  of  the  whole 
burthen  of  the  ship  into  the  sine  of  the  inclination, 
will  give  the  height  of  the  metacentre  of  the  longitudi- 
nal section  on  which  depends  the  motion  of  pitching. 
When  a  floating  body  has  its  equilibrium  disturb- 
ed, it  brings  into  action  a  redressing  force,  which  is 
always  proportioned  to  the  quantity  of  derangement. 
It  is  hence  made  to  oscillate  like  a  pendulum  about 
its  general  centre  of  gravity ;  and,  for  the  same 
reason,  its  alternate  movements,  whether  of  less  or 
greater  extent,  are  still  performed  in  equal  timeis. 
But  any  ship  is  liable  to  three  distinct  kinds  of  oscil- 
lations—the vertical^  the  transverse^  and  the  longi-- 
tudmcUj  or  what  is  called  heaving^  roUinffj  and 
pitching'.  Thus,  if  a  vessel  were  lifted  a  little  above 
its  seat  of  flotation,  and  then  allowed  to  sink  into 
the  water,  it  would  continue  for  some  time  after- 
wards alternately  to  rise  and  fall.  If  the  vessel  were 
suddenly  pushed  to  one  side  it  would  roll  upon  its 
longitudinal  axis ;  but,  if  it  were  depressed  at  the 
head  or  the  stem,  it  would  begib  to  pitch  or  spring 
about  the  transverse  axis. 


•    I 
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1.  The  alternate  henving  apd  gubaiding  of  a  ahip 
in  the  vertical  direction,  is  oecaaioned  by  the  Buc- 
tuating  exceaa  or  defect  of  the  buoyant  effort  of  the 
water.  The  time  of  oacillation  is  therefore  the  sane 
aa  that  of  a  pendulum^  whose  length  is  equal  to  the 
mean  depth  of  immersion,  or  to  the  quotient  of  the 
capacity  of  the  submerged  portion  of  the  hull,  by 
the  horizontal  surface  of  flotation*  This  medium 
drau^t  of  water  may  be  reckoned  at  about  two- 
third  parts  of  the  extreme  depth  of  the  keel,  Thus» 
a  ship  which  draws  90  feet  may  have  13  feet  allow* 
ed  for  its  mean  depth,  which  is  four4;imes  the  lengtli 
of  a  second's  pendulum.  Each  oscillation  upwards 
and  downwards  of  such  a  vessel  will  hence  take  two 
seconds. 

S.  The  time  required  for  the  rolling  of  any  ship» 
though  performed  about  its  general  centre  of  gravity, 
must  be  the  same  as  that  of  its  vibration,  if  it  had 
been  suspended  like  a  pendulum  from  its  metacentre. 
From  the  principle  investigated  in  f,99$  the  dis* 
tanee  of  this  centre  of  gravity  from  the  centre  of  oa* 
cillation,  is  equal  to  the  quotient  of  the  momaitum 
of  rotation,  or  of  the  sum  of  the  products  of  all  the 
different  bodies  into  the  squares  of  their  several  dia* 
tances  fr(»n  the  longitudinal  axis,  divided'  by  the 
product  of  the  whole  mass  into  the  interval  between 
their  common  centre  of  gravity  and  the  metacentre. 
It  hence  follows,  that  while  the  diBtrft>ution  of  die 
caigo  remains  the  same,  the  time  of  rolling,  or  of 
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lateral  oseiUation,  will  be  inversely  as  the  square  pf 
the  elevation  of  the  metacentre  above  the  centre  of 
gravity.  Again,  those  alternating  motions  may  be 
rendered  prqx)rtionally  slower,  by  removing  the 
various  articles  of  the  cargo  to  a  greater  distanoe 
from  the  longitudinal  axis,  above  and  below  the 
centre  of  gravity,  to  both  the  sides  of  the  vessel* 
If  the  lateral  distances  w^e  doubled,  the  oscillation 
would  be  rendered  twice  as  slow ;  and  if  tripled, 
they  would  become  three  times  slower. 

Suppose  the  floating  body  were  an  homogeneous 
parallelepiped,  of  which  the  height  is  a,  and  the 
breadth  b :  It  may  be  shown  that  the  momentum  of 
rotation  about  the  centre  of  gravity,  k  expressed 

by  — Yo —  >  *°^  consequently  the  distance  of  the 

centre  of  oscillation  below  the  centre  of  gravity  is 

equal  to  divided  by  the  relative  elevation  of 

the  metacentre.  Again,  if  the  transverse  section  of 
the  floating  body  were  considered  as  a  parabola,  of 
which  the  hei^it  and  breadth  are  denoted  as  before 
by  a  and  b :  It  may  be  computed  that  the  momen- 
tum of  rotation  is  then  equal  to  ^^—^ — —  i 

^  8150  * 

whence  dividing  this  by  -^,  or  the  area  of  the  pa- 
rabola,  the  quotient -— — -  will  express  the  pro- 
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duct  of  the  distances  of  the  common  centre  of  gra- 
vity from  the  metacentre  above,  and  from  that  point 
below  it,  which  represents  the  centre  of  osciUation. . 
Suppose,  for  example,  a  parallelopiped  80  feet 
broad  and  48  feet  deep,  of  an  uniform  density,  but 
three  times  less  than  that  of  water  :  It  would  evi- 
dently sink  16  feet,  and  then  float.  The  centre 
of  buoyancy  lies  hence  8  feet  below  the  water- 
line,  while  the  centre  of  gravity  stands  8  feet 
above  it.     But  the  height  of  the  metacentre  above 

f  80V 
the  centre  of  buoyancy  being  r^-y^  =  ^Sy  feet,  it 

must  exceed  by  17?  feet  the  altitude  of  the  cen- 
tre of  gravity.  Now  the  momentum  of  rotation, 
divided  by  the  weight   of  the    floating   body  or 

80* +48*      8704      ^^^,  .•  ,    ,  ^-    .    r 

— =-^ —  =  — j^  =  725y  feet ;  and  the  quotient  of 

this,  by  17y  feet,  gives  4111  feet,  for  the  length  of 
an  isochronous  pendulum.  The  floating  parallelo- 
piped would  consequently. roll  or  oscillate,  in  3.58'', 
or  in  about  3^  seconds. 

Conceive  a  body  of  the  same  density  and  dimen- 
sions, but  of  a  parabolic  form,  to  float  in  water.  Its 
depth  of  immersion  will  be  i^3.08  feet,  and  there- 
fore the  centre  of  buoyancy  will  fall  9-23  feet  be- 
low the  plane  of  flotation,  while  the  common  centre 
of  gravity  stands  5.7^  feet  above  it.  The  breadth 
of  the  water-line  being  now  55A7,  the  altitude 
of  the  metacentre  above  the  centre  of  buoyancy  is. 
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tence  o  ^  ^Jf^a  ^  16.86  feet  j    so  that  the  meta- 

centre  is  only  1.91  feet  higher  than  the  centre  of 
p.Ay.    Now  *8(*8)y80).  ^  ^^  i^_  ^ 

quotient  of  the  momentum  of  rotation  by  the  weight 
of  the  parabolic  section  ;  this  number,  again,  being 
divided  by  1.91,  gives  050.^6  feet,  the  length  of  a 
pendulum  which  would  oscillate  in  concord  with  the 
rolling  of  the  body.  Those  vibrations  are  hence 
performed  very  slowly,  each  taking  8.76'',  or  about 
8f  seconds. 

In  the  cases  now  computed,  the  transverse  sec- 
tions are  all  equal.  But,  to  determine  the  rolling 
of  a  ship,  it  would  be  requisite  to  combine  the  mea- 
siires  of  different  sections  of  the  hull,  and  thence  de- 
duce a  medium  result.  To  abridge  this  calculation, 
however,  it  may  perhi^ps  be  sufficiently  correct,  if 
we  consider  the  distance  of  the  general  centre  of  os- 
cillation as  equal  to  two-thirds  of  the  distance  which 
corresponds  to  the  greatest  cross  section  of  the 
vessel. 

On  the  stowage  of  a  ship's  cargo,  depends  chiefly 
the  character  of  the  rolling.  If  the  goods  be  placed 
nearer  the  longitudinal  axis,  the  momentum  of  ro- 
tation being  diminished,  the  rolling,  will  in  conse- 
quence be  quickened.  But  if  the  various  articles  of 
loading  be  removed,  as  far  laterally  as  possibly  from 
the  position  of  the  centre  of  gravity,  the  oscillations 
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will  be  rendered  proportionally  slower.  When  the 
cargo  consists  of  light  goods  of -the  wme  kind,  the 
hold  is  quite  filled  up»  and  no  room  left  for  tkUfyi 
stowage.  But  if  it  include  many  ponderous  uticles, 
the  rolling  may  be  damped^  and  the  motion  of  the 
vessel  rendered  easier,  by  bringing  those  londs  near 
to  its  sides.  In  ships  of  war,  eueh  a  change  of  trim-* 
ming/  by  the  nemoval  of  the  guns  and  shot,  i»  occt- 
aionidly  practiaed,  with  the  greatest  advantage. 

8.  The  time  of  oseiUation  about  the  transverie 
asds,  or  that  ofpitchinff^  may  be  found  by  a  similar 
calculation.  The  various  loads  in  each  vertical  sec* 
tion  parallel  to  the  keel,  are  to  be  multiplied  into  the 
jiqnares  of  their  several  dijsbinces  from  die  centre  of 
gravity ;  and  the  quotiait  of  the  collective  flggi^ 
gate  by  the  ii^le  bnrthen  of  the  vessel,  will  express 
the  product  of  the  distances  of  the  general  centre  of 
gravity  from  the  loogitudioal  metacentre  wd  the 
centre  of  oscillatiiHi.  It  may  be  aufficiently  oeior  the 
truth,  to  take  two-thirds  of  the  result  of  a  computA*- 
tion  grounded  on  the  chief  section  in  the  plane  of 
.  the  masts  and  of  the  keel.  The  momentum  of  ro* 
tation  of  the  longitudinal  section  is  to  that  of  the 
tSross  ^eetion,  i^arly  as  the  square  of  the  length  of  the 
diip  is  to  the  square  of  the  breaddi }  but  the  aha* 
todes  of  the  corresponding  metaeentres  being  like- 
wise iq»proximately  in  that  ratio,  the  times  of  rolling 
and  jMtdiing  will  in  all  cases  of  unifimn  stowage  iqp- 
prMeh  to  an  equelity.     The  disposition  of  a  ship  to 
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violent  plunging  may  often  be  corrected,  by  oonvey- 
ing  the  heftriest  part  of  the  cargo  toirarda  the  bead 
and  the  stem.  The  remotene^a  of  the  lading  fhMn 
the  common  centre  of  gravity^  servea  matermlly  to 
retard  and  soften  the  oaciUatory  movementSi  botli 
about  the  longitudinal  and  the  transrerse  axis. 

Let  the  parallelepiped  of  80  feet  wide  and  48 
feet  deep  be  resumed  as  an  example,  its  leu^h 
being  now  considered  as  480  feet.  Here  the  al- 
titude of  the   longitudinal   metacentre  above  the 

centre  of  buoyancy  is  ^^^  =  400  feet,  and  con- 
sequently its  height  above  the  common  centre  of 
gravity  must  be  400—16  =  384  feet.  But  the 
quotient  of  the  momentum  of  rotation  of  each 
longitudinal  section    divided   by   its     weight,    is 

(480)'^+ (48)^  =  19392  feet,  which  bemg  divided  by. 

984,  gives  50.S  feet  for  the  length  of  an  isochro- 
nous pendulum.  The  time  of  oscillation  is  hence 
3.995^^  or  very  nearly  4  seconds.  It  is  obvious 
that  such  problems  could  easily  be  reversed,  and 
that  the  height  of  the  metacentre  above  the  centre 
of  gravity,  could  be  computed  from  the  difierent 
oscillations  in  smooth  water. 

While  the  shape  and  the  lading  of  a  vessel  con- 
tinue the  same,  the  height  of  its  centre  of  buoyancy 
and  the  derivative  position  of  the  metacentre  must 
likewise  remain  unaltered.  By  lowering  the  places 
of  the  more  ponderous  articles,  the  common  centre 
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of  gravity  may  be  depressed  or  brought  nearer  Uf 
that  of  buoyancy  ;  and  by  dispersing  them  towards 
the  sides  and  extremities  of  the  hull,  the  oscillations 
of  roUing  and  pitching  may  be  retarded  and  render- 
ed smoother.  Such  are  the  only  internal  changes 
which  can  be  made ;  but  it  is  of  great  importance  in 
many  cases  to  lessen  the  draught  of  water,  or  to  lower 
the  elevation  of  the  centre  of  gravity.  This  can  only 
be  edited,  however,  by  supplying  externally  the  re- 
quisite  additional  buoyant  force. 

Since  a  body  submei^ed  in  water  is  pushed  up- 
wards by  the  effort  of  the.  volume  of  fluid  which  it 
displaces,  its  whole  power  of  buoyancy  must  be  equal 
to  the  excess  of  that  pressure  above  its  own  weight. 
So  long,  therefore,  as  the  bulk  remains  unaltered, 
this  power  will  increase  with  every  diminution  of  the 
weight.  Hence  the  buoyancy  procured  to  a  floating 
body  by  the  application  of  inflated  bladders  or  bottles 
of  skin,  empty  casks  or  hollow  chests.  Bladders  are 
sometimes  employed  to  assist  swimmers,  and  they 
support  the  fisheimen's  nets.  Bags  of  goats  skins, 
covered  with  boards,  have  from  the  earliest  times 
been  used  as  floating  bridges  among  rude  nations  for 
crossing  rivers.  The  Egyptians  have  been  accus- 
tomed in  all  ages  to  descend  the .  Nile  on  slender 
rafts,  carrying  their  produce,  though  supported  only 
by  empty  earthen  jars.  A  hollow  wooden  box,  of  a 
conical  shape,  and  attaclied  by  an  iron  chain,  serves 
at  present  as  a  buoy,  for  marking  the  position  of 
sunken  rocks  or  sand  banks.     Vessels  which  have 
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been  stranded  are  often  raised  up  again,  by  fastening 
at  ebb  tide,  a  row  of  empty  casks  along  each  side* 
Long  botes  or  chests,  lightened  after  their  fixing, 
by  having  the  water  pumped  out,  have  likewise  been 
employed  to  lessen  the  draught  of  ships  of  burthen. 
In  this  way,  the  Hollanders,  in  the  year  I67S,  when 
their  commercial  prosperity  was  at  its  height,  dis- 
patched to  various  climes,  numerous  heavy  laden 
vessels,  thus  conducted  from  the  harbour  into  deep 
water.  But  the  raising  of  the  hull  in  this  method 
was  found  to  occasion  an  overstraining  of  the  tim- 
bers, the  external  pressure  of  the  water  being  sud- 
denly withdrawn  from  the  bilging  sides.  But  in  the 
year  1688,  Bakker,  an  ingenious  burgomaster  of 
Amsterdam,  obviated  that  objection,  by  a  very  use- 
ful contrivance,  which,  from  its  property  of  trans- 
porting immense  bodies,  was  termed  a  Camel.  It 
consisted  of  two  huge  chests,  so  formed  as  to  em- 
brace closely  under  water  the  hull  of  the  largest 
ships :  Its  length  was  127  f^^t,  its  breadth  at  the 
one  end  22,  and  at  the  other  13  feet.  These  chests 
were  securely  fastened  by  ropes  passed  under  the 
keel,  and  stretched  by  horizontal  windlasses.  Ob- 
lique props  or  stays  were  then  applied,  and  wedged 
firmly,  to  support  the  ship's  sides.  The  water  was 
now  vigorously  pumped  out  of  the  hold  of  these 
chests,  which  were  divided  into  several  compart- 
ments, for  the  greater  convenience  of  adjusting,  du- 
ring that  operation,  the  balance  of  the  ship.  Thus 
lightened,  an  Indiaman  which  drew  15  feet  water, 


969  '  ELfiMENTS  OF 

liad  its  drought  reduced  to  11  feet.  Hie  largest 
vessels  were  hence  enabled  to  eflfect  the  passage  of 
the  Pampus,  between  two  sand  banks  opposite  the 
mouth  of  the  river  F,  twenty^five  miles  below  the 
city  of  Amsterdam.  This  simple  but  valuable  in* 
vention,  though  scarcely  known  in  Ikigland,  has  long^ 
been  adopted  at  Venice  and  other  parts  of  the  Con- 
tinent. It  has  likewise  been  introduced  into  the 
rivers  and  ports  of  Russia,  where  some  of  those 
Camels  are  constructed  of  the  enormous  dimensions 
of  217  feet  long,  and  36  feet  broad. 

From  their  aptitude  to  receive  and  propagate  every 
impression,  fluids  derive  the  capital  property  of  main- 
taining the  same  level  in  any  system  of  connected 
vessels.  But  this  general  principle  is  subject  to  cer- 
tain modifications.  Thus,  water  is  observed  always 
to  stand  somewhat  higher  in  narrow  glass  tubes  than 
in  those  of  greater  width.  Alcohol  manifests  a  ri- 
milar  disposition,  inferior  only  in  degree.  Neither 
of  these  liquids,  however,  appear^  to  ris6  above  the 
level  in  the  finest  metallic  pipes,  but  rather  betrays 
an  opposite  tendency.  Quicksilver,  on  the  other 
hand,  suffers  some  depression  in  glass  tubes  of  nar- 
row bores ;  yet  recovers  its  elevation,  oi*  even  mounts 
higher,  when  the  inside  is  lined  with  the  thinnest 
film  of  bees-wax  or  tallow. 

This  occasional  rise  of  water,  and  depression  of 
mercury,  in  very  narrow  tubes,  must  evidently  pro- 
ceed from  the  operation  of  some  peculiar  attractive 
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wt  repidnye  forre  existing  among  the  particlei^  of  the 
fluid,  or  between  them  and  the  surfaoe  of  the  ^k»s. 
As  the  efiEect  appears  the  most  conspicnous,  ifiien 
the  width  of  die  bore  is  so  small  as  to  resemble  i&at 
of  a  hair,  the  cause  of  the  pha»u)menon  has  bem^ 
tenned  Ccpiilcay  Aetim^*  The  popular  mode  of 
explaining  the  fad;,  is  to  refer  the  sui^iensioii  of  the 
slender  column  of  water  to  the  attraction  of  the  in« 
terior  ring  of  glass  inunediately  aboTe  it.  But  wh^ 
should  not  the  ring  just  below  the  summit  of  the 
column  attract  it  equally  downwards  ?  And  such  op^ 
posite  forces  producing  a  perfect  eqidlibrium,  the  wa^ 
ter  would  merely  preserve  its  level,  and  show  no  dis- 
positioo  to  rise.in  the  tub^. 

The  chief  obstacle  in  explaining  the  mode  of  ca^ 
piUary  action,  cosies  iix>m  the  prejudice,  that  a  wf^ 
Heal  attraction  is  necessary  to  account  for  the  ele* 
yation  of  the  liquid*  Yet  such  undoubtedly  is  not 
the  primary  direction  of  the  force  evolved  ;  for  the 
action  of  the  gl^as  being  evidently  confined  within 
very  nanrow  limits,  this  virtue  must  be  diffiised  over 
the  internal  surface  of  the  tube,  and  must  hence  exp- 
ert itself  laterally f  or  at  right'  angles  to  the  sides. 
Nctr  IS  it  difficult  to  copceive  how  a  lateral  action 
may  yet  cause  the  perpendicular  ascent.  It  is  a 
flindamental  property  of  fluids,  that  any  foice  im« 
prassed  in  one  dinctjon,  may  be  propagated  equally 
in  eoety  diredtifiinM .  The  tendency  of  the  fluid,  then^/ 
to  approach  the  glass,,  will  occasion  it  to  spread  ovei' 

VOL*  I.  z  ' '  > 
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the  mtemal  cavity  of  the  tube,  and  eonsequentij^  t» 
mount  upwards. 

But  to  view  the  matter  a  little  more  closely  ^ 
Su^MMe  a  drc^  of  water  were  laid  upcm  a  clean  ho- 
riaontal  plate  of  glass ;  it  will  change  its .  globular 
fonxip  adhere  to  the  glass,  and  spread  out,  till  it  has 
covered  the  whole  surface  with  a  thin  aqueous  film. 
What  is  the  cause  of  this  result?  Surely  not  the 
mere  incumbent  weight  of  the  water,  for  it  would 
have  been  insufficient  to  surmount  even  the  mutual 
adhesion  of  the  particles  of  the  fluids  or  their  natural 
tendency  to  conglomerate.  But  the  same  eflfect  will 
take  place,  if  the  drop  be  applied  to  the  under  side 
of  the  plate.  The  water,  therefore,  diflbses  itself 
over  the  glass,  just  in  the  same  manner  as  if  it  were 
urged  by  the  pressure  of  a  column  of  its  own  sub- 
stance acting  against  that  sur£M^e.  Its  atfaraction  to^ 
the  glass  produces  the  lateral  motion  of  the  fluid, 
since  the  remoter  particles  cannot  approach  without 
s|Hneading  themselves  and  extending  the  film.  The 
cohesive  power  will  consequently  augment  with  the 
gradual  approximation,  till  this  has  attained  the  term 
.of  closest  union. 

Let  the  plate  be  dipped  perpendicularly  in  a  ba- 
son of  water,  and  the  film  will  su£^  a  very  consider- 
able modification.  A  new  portion  of  liquid  will 
greedily  attach  itsdf  to  the  film,  and  draw  it  4lown- 
wards  by  this  additional  load.  A  fluid  margin  is 
formed  at  the  line  of  junction,  with  a  depressed  istm 
curvation,  extending  to  the  distance  of  about  the 
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idxtb  |Nirt  of  an  inch.  Suppose  next  that  two  glass 
plates,  held  parallel  and  adjacent^  were  set  perpendi- 
cular to  a  body  of  water,  the  liquid  would  mount  in 
the  included  space  to  a  certain  altitude*  The  aque- 
ous protuberance  beii^  now  confined,  the  ascent  of 
the  column  must  be  proportionally  greater  ;  and  this 
effect  is  also  doubled,  by  the  joint  action  of  the  two 
opposite  surfaces.  Each  surface  acts  only  upon  its 
proximate  thin  film ;  but  the  force  being  spent  in 
supporting  the  ulteridr  particles  which  adhere  to  this, 
the  weight  of  the  aqueous  column  suspended  on  both 
sides  must  remain  constant,  and  hence  its  altitude 
will  be  inversely  as  its  thickness,  or  the  distance  be- 
tween the  two  plates.  The  power  of  efficient  sus- 
pension corresponding  to  each  inch  square  of  surface 
may  be  estimated  at  S^  grains^  or  the  hundredth  part 
jof  the  weight  of  a  cubic  indh  of  waten  Suppose 
the  interval  between  those  plates  to  be  the  dOOth  part 
of  an  inch }  then  each  column  may  be  considered 
as  acting  against  a  column  of  the  thickness  of  the 
600th  part  of  an  inch,  and  hence  the  corresponding 
ascent  must  be  six  inches.     In  general,  if  d  denote 

tbc  interval  of  the  plates,  ^^  will  express  the  height 

of  the  column  suspended.  This  result  corresponds 
perfectly  with  observation.  If  two  rectangular  plates 
*of  glass,  having  their  edges  joined  in  a  vertical  line, 
be  opened  at  a  very  acute  angle,  and  set  upright  in  a 
^hallow  basin  of  water,  the  liquid  will  rise  between 
the  converging  surface,  and  trace  out  the  boundary 

z2 
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of  a  rectaugulai*  hyperbola,  referred  to  jta  as^^ 
totes.  For  perpendiculars  being  inTersely  to  the 
surface  of  the  water  as  the  thickness  of  the  inserted 
column,  or  the  separation  of  the  plates,  must  like- 
wise bear  the  same  inyerse  ratio  to  their  distances 
from  the  cratre,  which  is  a  distinguishing  property 
of  that  curvel 

In  capillary  tubes,  the  attracticm.of  the  internal 
surface  is  exerted  an  a  thin  circular  lining;  but 
this  force  is  dilated  and  consumed  by  the  pressure 
of  the  cylinder  which  adheres  to  the  film,  and  occu- 
pies the  interior  cavity  of  the  tube.  Now^  the  area 
of  a  circle  is^  equal  to  the  rectangle  under  its  cir- 
cumference and  half  the  radius  j  and  ther^ore  the 
attractive  power  of  the  glass  will  produce  the  same 
effect  as  if  it  acted  merely  against  a  column  whose 
thickness  is  one-fourth  part  of  the  bore  of  the  tube. 

The  measure  of  that  force  being  represented  by 

-rr-,  if  d  denote  the  diameter  of  the  cavity,  the  alti- 
tude at  which  the  water  iVill  be  suspended  in  the 

tube  is  expressed  by  —r- — r->=;7r-i-     A  tube  with 
^  ^  lOOxJrf     25d 

the  IdOth  part  of  an  inch  bore  would  hence  be  ca- 
pable of  elevating  water  six  inches.  The  altitude 
of  suspension  in  capillary  tubes  is  thus  the  double  of 
what  obtains  with  parallel  glai»  plates,  which  have 
their  mutual  distance  equal  to  the  diameter  of  th^ 
bore. .  This  altitude  is  likewise  in  general  inversely 
as  the  width  of  the  tube« 
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The  suspension  of  a  fluid  in  capillary  tubes  must 
depend  entirely  on  the  smallness  of  the  upper  ori- 
fice. If  the  bore  should  swell  out  below^  the  water 
will  not  rise  indeed  spontaneously  within  the  cavity ; 
but,  by  plunging  the  tube  into  the  bason  till  the  li- 
quid reach  its  capillary  part,  the  whole  included  mpas 
may  be  lifted  up' to  the  former  elevation.  The 
central  column  of  the  water,  which  has  the  same 
width  as  the  bore,  being  sustained  by  its  adhesion 
to  the  film  at  the  top,  the  pressure  of  the  parallel 
columns  of  fluid  surrounding  it  below  can  have  no 
influence  in  disturbing  the  equilibrium.  The  same 
effort  of  pressure  extends  through  each  horizontal 
stratum.  The  centre  column  of  the  fluid,  being 
wholly  supported  by  attraction,  does  not  press  a- 
gainst  the  bottom ;  but  the  particles  in  the  higher 
parts  of  it  are  actiially  pushed  by  the  excess  of  that 
force  above  their  weight,  and  thus  bear  the  load  of 
the  lateral  mass.  The  lower  and  wide  part  of  the 
vessel  may  consist  of  metal  or  any  other  substance 
different  from  glass.  It  is  sufficient  that  the  cavity 
terminate  above  in  a  fine  capillary  tube.  By  this 
arrangement  a  very  large  body  of  water  may  be  kept 
suspended. 

If  the  capillary  tube  be  dipped  in  another  narrow 
tube  holding  water,  this  will  evidently  stand  at  a 
lower  altitude  than  before,  since  the  opposite  action 
of  the  outer  cavity,  though  much  inferior,  is  exerted, 
in  pulling  back  the  liquid.  Let  d  and  D  denote  the 
diameters  of  the  interior  and  exterior  bores,  and 
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a^y-^ —  Tx  )  ^iU  express  in  inches  the  ascent  above 

the  under  surface. 

If  a  capillary  tube  be  lifted  from  the  bason  of  wa- 
ter in  which  it  was  dipped,  a  drop  will  adhere  to  the 
lower  orifice,  and  the  column  will  remain  at  the  same 
height  in  the  bore.  But  if  this  drop  be  absorbed  by 
the  contact  of  bibulous  paper,  the  column  will  sub* 
side  ;  for  the  tendency  of  the  water  to  agglobulate 
then  counteracts,  in  some  degree,  its  capillary  diffii- 
sion  )vithin  the  tube.  Having  covered  the  level 
surface  of  a  piece  of  glass  with  a  fine  film  of  water, 
bring  the  tube  with  its  charge  to  touch  it,  and  the 
fluid  will  immediately  desert  the  cylindrical  cavity, 
and  spread  over  the  film.  The  attraction  which  the 
cylindrical  column  of  water,  joined  to  its  weight, 
bears  to  the  expansive  horizontal  film,  overcomes 
that  of  the  narrow  film  which  lines  the  inside  of  the 
tube.  This  may  be  viewed  as  an  extreme  case ;  but 
the  mutual  attraction  of  the  particles  of  water  or 
other  fluids  must  always  diminish  their  ascent  in  ca* 
pillary  tubes  ;  for  such  a  force,  tending  to  concen- 
trate and  agglobulate  the  mass,  will  evidently  op- 
pose any  filamentous  ramifications  of  the  fluid.  Thus, 
into  a  wide  cylinder  glass,  terminating  in  a  fine  ca- 
pillary orifice,  mercury  may  be  poured  to  the  height 
of  several  inches,  without  betraying  any  disposition 
to  run  out.  But,  if  the  projecting  point  be  likewise 
inunersed  in  mercury,  the  moment  a  junction  or 
contact  takes  place,  the  whole  of  the  fluid  mass  will 
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luttten  to  fubiide.  Mercury  is,  in  the  same  manner, 
upheld  to  a  considerable  altitude  in  wide  glass  tubes, 
fitted  with  bottmns  of  iron  or  box-wood  that  have 
ilehcate  slits* 

The  dqptiession  of  mercury  in  capillary  tubes  may 

be  estimated  at  x^  if  d  denote  the  diameter  in 


ThuSy  when  the  width  of  the  bore  is  one- 
seventeenth  part  of  an  inch,  the  mercurial  column 
stands  a  quarter  of  an  inch  below  its  level ;  it  would 
sink  even  five  inches,  if  the  bore  were  contracted  to 
the  AM)th  part  of  an  inch*  The  convexity  of  the 
sur&ce  of  the  maxnuy  in  the  tube  indicates  here  the 
excess  of  the  mutual  attraction  of  its  particles  above 
theur  adhesion  to  the  sid^  of  the  glass*  If  that  sur- 
face should  ever  appear  flattened  or  hollow,  it  only 
betrays  the  impurity  of  the  mercury,  or  the  soiling 
of  the  inside  of  the  tube.  The  noti(m  which  has 
sometiipes  prevailed,  that  such  convexity  marks  a 
tendency  of  the  mercurial  column  in  the  barometer 
to  fall,  is  merely  a  vulgar  error*  Great  caution  be- 
comes requisite,  however,  to  boil  mercury  in  those 
tubes,  lest  a  slight  and  scarcely  visible  oxydation 
should  line*  their  inner  surface* 

It  hence  follows  that,  if  the  product  of  the  ele- 
vation into  the  corresponding  width  of  the  boro  ex* 
pressed  in  inches,  should,  at  any  part  of  the  tube,  be 

less  than  —  or  .04,  the  water  will  ascend  still  higher* 

Suppose  the  bore  were  tapered,  therefore,  like  the 
spindle  formed  by  the  revolution  of  a  rectangular 
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hyp^bpln  d)out  ite  asymptote*  wfasn.  tlie  dkunet^ 
GJi^C^i^  not  four*teiithf  of  m  incht  die  flttd  would 
remain  auipeoded  indefinitely  at  any  alaifeiide*  If 
the  upper  orifice  were  sufficiently  smaU»  it  is  ob- 
viauci  that  capillary  action  migbt  eren  sorpasa  the 
power  of  atmospherical  pressure.  But  every  prac- 
tical effect  is  produced  within  this  limit.  Assu- 
mxig  it  as  equal  to  a  column  of  d4  feet  of  water,  or 
nearly  400  inches,  the  width  of  bore  ansvering  audi 
an  aacwl  would  be  only  the  ten  thoMsnidtli  part  of 
an  inch. 

Capillary  action  is  not  confined  to  glaaa  tnbaa^ 
but  IS  exerted  among  all  suhatancea  which  are  per- 
forated by  pores^  or  aubdivided  by  fiasnies  or  inter* 
sticea.  On  this  power,  dq^nd  chiefly  the  fhnctiona 
of  the  excretory  vascular  system  in  plants  and  anii* 
mals;  and  hqnce  likewise  the  aacent  of  humidity 
through  the  shivered  fragments  of  rooks,  broken 
potsherds,  gravel,  earth,  and  sand.  Thus,  if  the 
pores  of  the  human  skin  were  no  finer  than  ^he  three 
thousandth  part  of  an  inch  in  diameter^  they,  would 
yet  be  sufficient  to  support  lymph  to  an  altitude  of 
lao  inches,  or  10  feet,  or  Bmeh  higher  indeed  than 
is  required  for  any  individual.  The  rejection  of  the 
perspirable  matter  from  those  external  mouths,  must 
occasion  a  continued  flow  of  the  liquid  from  the 
lower  and  wider  trunks  of  the  capillary  vessels,  aided 
no  doubt  by  a  connected  chain  of  alternate  contrac* 
tions  and  dilatations,  extending  through  their  mus- 
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cuitr -strudmre.  The  pores  in  thO'Jeaves  of  tr^s 
and  tall  pbntB  imult  be  still  finer^  seldom  perhapft 
exceeding  the  ten  thousandth  part  of  aa  inch.  As 
fast  as  the  humidity  is  exhaled  into  the  atmosphere^ 
it  is  constantly  supplied  by  the  asc^  of  sap  iW^m 

tile  roots.     , 

The  ingeniova  Dr  Stejrfien  Hales,  whose  experi^ 
meats  throw  so  much  light  on  the  Tegetable  econo- 
my, attempted  to  measore  the  force  with  which  the 
gap  mounts  in  the  ramifying  veasels  of  plants.  He 
cemented  a  living  branch  iato  a  glass  tube  filled  with 
water  and  planted  in  a  small  cistern  of  mercury, 
and  he  exposed  the  whole  to  the  action  of  the  sun 
and  air.  As  the  process  of  vegetation  advanced^  the 
water  continued  to  rise  in  the  tube,  and  was  followed 
by  the  quicksilver.  In  the  space  of  two  or  three 
dsys»  a  column  of  several  inches  was  often  drawn  up, 
though  the  effect  varied  considerably  in  different  cir- 
cumstanees.  But  thb  experiment, .  however  striking^ 
wlis  entirely  fidladoua.  It  did  not  indicate,  •  as 
Dr  Hales  hnagined^  the  power  of  the  vegetating  prin- 
cipie  ;  for  a  dead  branch  would  have  given  the  very 
QSme  results,  had  the  evaporation  from  its  extneme 
surftce  been  sufficiently  copious. 
\  The  vast  energy  which  capillary  action  derives 
from  the  combination  of  numerous  and  very  minute 
oiifices,  is  illustrated  and  confirmed  in  a  striking 
Huomer,  by  an  application  of  the  Atmameter,  an  in- 
slarument  designed  to  measure  with  accuracy  the 
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quantity  of  eYaporation  in  a  given  time.  .  A  tbim 
ball  of  porous  earthen-ware»  about  three  inches  in 
diam^r,  is  c^nented  by  its  narrow  nedk  to  a  glass 
tube,  a  quarter  of  an  inch  wide,  and  three  feet  long. 
The  whole  cavity  of  the  ball  and  of  the  tube  being 
now  filled  with  recently  distilled  water,  ia.  inverted, 
and  set  iqxright  in  a  small  d/stem  of  quicksilver. 
The  surface  of  the  ball  soon  Ibses  ks  glistening  hu- 
mid appearance ;  but  the  evi^nition  coptinues  just 
as  at  first,  and  the  water  rises  gradually  in  the  tube, 
to  suj^ly  the  incessant  consumption.  The  quickail-i 
ver  follows  the  water>  and  mounts^  with  greater  or 
less  rapidity,  aocwding  to  the  slendemess  of  di^ 
tube,  and  the  dryness  of  the  encirQling  air .  of  the 
room,  firom  12  to  6  or  even  8  inches  every  day.  This 
ascension  is  nearly  miiform  for  some  time,  till  the 
quicksilver  has  gained  an  elevati(m  of  perhaps  90 
inches.  The  water  having  then  its  atmospheric 
pressure  lessened,  yields  a  portion  of  its  contained 
air,  which,  collecting  withm  the  ball  into  diffuse  vi^ 
pour,  checks  by  its  elasticity  in  some  degree  the 
rise  of  the  water  and  quicksilver  in  the  tube.  How- 
ever, this  ponderous  fluid  still  continues  to  mount, 
though  more  slowly  than  before ;  and,  in  the  space 
perhaps  of  ten  days,  it  stands  scarcely  an  inch  below 
the  level  of  the  barometric  column.  In  this  situa^ 
tion  it  remains,  till  the  who}e  of  the  water  within 
the  ball  has  evaporated,  and  the  pores  are  again  open« 
ed  to  the  admission  of  the  external  air.    When  this 
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event  takes  place^  the  mercury  in  the  tube  suddenly 
falls  down  into  its  cistern. 

The  attraction  of  llie  very  fine  pores  of  the  At- 
mometer  is  thus  more  than  sufficient  to  support  a 
load  of  mercury  equal  to  that  of  400  inches  of  wa- 
ter. Those  pores  are  hence  smaller  than  the  ten 
thousandth  part  of  an  inch.  Hdlow  balls  made  of 
coarser  clay  would  no  doubt  have  lete  eflfeet»  and  a 
gradation  of  power  might  probably  be  traced  among 
them. 

We  may  hence  conceive  the^^  rise  of  water 
through  successive  sti^ta  of  gravel,  coarse  sand, 
fine  sand,  loam,  and  even  clay.  If  the  gravel  were 
divided  into  spaces  of  the  100th  part  of  an  inch,  the 
water  would  ascend  more  than  four  inches  j  but  sup- 
posing the  particles  of  the  coarse  sand  to  be  the 
500th  part  of  an  inch,  it  would  mount  through  a  bed 
of  sixteen  inches  of  this  material.  Assuming  the 
fine  sand  to  have  interstices  of  the  2,500th  part  of 
an  inch,  the  humidity  would  be  drawn  up  through  a 
new  stratum  of  seven  feet  thick  ;  and  if  the  pores  of 
the  loam  were  only  the  10,000th  part  of  an  inch,  it 
would  gain  the  farther  height  of  twenty-five  feet  and 
a  half  through  that  soft  mass.  The  clay  would  re* 
tain  the  moisture  at  a  greater  altitude,  and  in  this 
way  each  stratum  of  finer  pulverization  might  suc- 
cessively raise  the  moisture  still  higher.  But  though 
the  extreme  subdivision  of  the  particles  may  carry 
the  elevation  almost  to  unlimited  extent,  yet  will  it 
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also  retard  the  insinuation  of  the  water.  Hence 
the  use  of  clay  in  puddling  or  choking  up  the  gross* 
er  pores,  which  might  favour  the  efflux  from  a  dam. 

Hitherto  we  have  considered  the  atetion  of  the  in* 
terior  surface  of  the  tube  upon  the  proximate  film  of 
liquid,  which  occasions  this  to  spread  laterally,  and 
therefore  to  mount  upwards,  as  counterbalanoed  by 
the  mere  weight  of  the  adherent  and  included  co- 
lumn of  water.  But  the  mutual  cohesion  of  the  par- 
ticlea  of  the  fluid  brings  another  force  into  play,  ex- 
erted in  producing  precisely  the  opposite  eflfect  The 
column  contained  within  the  tube,  being  thus  entire* 
ly  detached  from  the  generd  fluid  mass,  wants  the 
lateral  attraction  which  held  it  before  in  equipoise. 
This  deficient  power  must  hence  occasion  die  same 
result  as  if  an  equal  and  opposite  pressure  from  the 
sides  of  the  tube  had  come  into  action^  causing  the 
column  to  retreat  and  subside  towards  the  body  of 
the  fluid. 

It  is  hence  not  the  whole  attraction  of  the  glass 
to  water,  but  merely  its  excess  above  half  the  cohe- 
sion subsisting  among  the  particles  of  the  liquid  it- 
self exerted  internally,  or  on  the  one  side,  that  is 
employed  in  producing  the  capillary  ascension.  If 
this  attraction  were  equal  to  its  antagonist  cohesion, 
the  fluid  would  remain  balanced  at  the  common  level. 
On  the  other  hand,  if  the  attraction  of  the  sides  of 
the  tube  be  less  than  the  corpuscular  cohesion  of  the 
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ibiid,  it  will  sitik  proportkmtlly  below  the  general 
8aifaoe«  The  depression  of  mercury  in  capillary 
tubes  IB  not  occanoued  ikerefore  by  any  8u]^po6ed  re^ 
pulsion  of  the  glass,  but  is  the  necessary  result  of  the 
preponderating  cohesion  of  its  own  particles. 

Henoe  dew  or  rain  collects  into  globules,  o^ 
spreads  into  rounded  heaps,  on  the  glossy  i^rface 
G^  a  callage  leaf.  Water  likewise  runs  into  such 
drops,  like  the  globules  of  quicksilver,  when  thrown 
upon  a  redJiot  surface  of  glass,  or  brick,  or  metal, 
the  vapour  forming  around  it  a  sort  of  atmosphere, 
which  prevents  its  contact  and  adhesiom  In  this 
way  the  surface  of  copper  is  congealed  kite  h  thiii 
jdate,  which  being  removed  is  immediately  succeed^ 
ed  by  another  concretion  derived  from  the  same  ^f^ 
fu»on  of  water.  In  like  manner,  quicksilver  aifects 
a  globular  shape,  when  poured  upon  a  table  <^  wood 
or  marble^  A  ball  of  crude  platinum  having  a  spe«- 
cific  gravity  of  14«d,  or  little  more  than  that  of  mer« 
cury,  will  even  float  upon  it,  being  indirectly  sus« 
tained  by  the  cohesion  and  retreat  of  the  liquid  me^ 
dium.  When  this  floating  mass,  however,  is  once 
pressed  down,  the  mercury  closes  over  it^  and  pre- 
vents it  from  rising  again. 

To  the  powerful  cohesion  of  their  particles,  is 
owing  the  property  possessed  by  aU  liquids,  of  re^ 
maining  heaped  up  to  a  sensible  height  above  the 
brims  of  the  vessels  which  contain  them,  whether 
formed  of  glass  or  of  metah    Small  bits  of  corit  and 
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Other  light  substances  set  to  float  in  water  are  o& 
served  gradually  to  approach ;  a  ftct  which  has  ofWn 
been  vaguely  ascribed  to  the  distant  attraction  of 
those  bodies.  This  very  minute  forces  however,  is 
scarcely  appreciable^  and  the  tendency  of  the  codes 
to  unite  is  really  caused  by  the  portion  of  v?ater  ad- 
hering to  their  sides^  which  presents  a  continuous 
sinuosity^  pressing  the  prominent  liquid  to  a  mutual 
junction. 

The  contour  of  the  top  of  the  included  column 
likewise  indicates  the  relations  of  those  opposite 
forces.  When  they  are  equals  it  has  no  curvature 
at  all }  but  if  the  attraction  of  the  glass  be  superior 
to  half  the  cohesion  of  the  particles  of  the  fluid,  the 
upper  surface  becomes  concave  ;  and  if  this  cohesive 
force  prevail,  it  will  assume  a  convex  outline^  The 
curvature  of  the  boundary  has,  at  its  middle  point,  a 
radius  proportional  to  the  width  of  the  tube.  This 
external  curve  may  be  considered,  when  the  bore  is 
small,  as  merely  an  arc  of  a  circle ;  and  consequait* 
ly  its  margin  will,  in  every  change  of  dimensions, 
meet  the  inner  surface  at  the  same  angle.  . 

The  attraction  which  fluids  have  to  solids,  di£Pers 
little  in  general  from  half  the  cohesion  of  their  mo« 
bile  particles.  Hence,  of  those  forces,  a  very  smair 
pcHtion  is  ever  exerted  in  elevating  or  depressing  the 
fluid  columns  within  capillary  tubes.  The  attrae* 
tion  to  a  solid  is  ascertained,  by  observing  the  weight 
required  to  detach  a  given  circular  disc  from  the  ho< 
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montal  surfiu^e  of  tke  fluid.  Tfau%  I  find^  that,  at 
the  wdinary  tempenture^  a  jMece  of  plate-glass  ad- 
lieres  to  wirter»  with  a  force  equal  to  40  grains  for 
ev^  aquare  inclu  But  the  mutual  cohesion  of  the 
aqueous  particles  in  the  same  space  must  amount  to 
7^  gnuns.  Water  is  hence  pressed  upwards  in  a  ca« 
piliary  tube,  by  the  excess  of  40  above  the  half  of 
76y  or  2^  grains  for  each  inch  of  internal  surface,  as 
already  stated*  I  have  likewise  found,  that  a  force, 
equal  to  144  grains  for  each  square  inch  is  required 
to  detach  a  plate  of  glass  from  a  surface  of  mercury. 
The  mutual  attraction  of  the  particles  of  this  fluid, 
must  therefore  be  measured  by  SlSf  grains.  The 
mercury  is  hence  depressed  in  a  capillary  tube,  by 
the  defect  of  attraction,  or  the  force  of  12f  grains, 
which  corresponds  to  the  267th  part  of  a  cubic  inch* 

The  attraction  between  solids  and  fluids  is  greats 
ly  diminished  by  heat*  Thus,  at  the  temperature 
of  48^  by  Fahrenheit's  scale,  water  adheres  to  glass 
with  the  fnrce  of  42  grains  for  eadi  square  inch,  but 
at  97^  with  only  32*9  grains.  The  attraetioga  of 
mercury  to  glass  at  51^  amounts  to  148*4  grains, 
and  at  8P  only  to  130  grains.  A  similar  alteration, 
differing  only  in  proportion,  is  manifested  by  other 
flnids.  Thus,  the  attraction  of  sulphuric  acid  to. 
gkss  at  the  temperature  of  48^  is  48*2  grains,  but 
reduced  to  40*1  grains  at  140^* 

It  may  be  hence  inferred,  that  the  mutual  cohe* 
mm  cf  the  particles  of  fluids  is  likewise  affected  by 
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dbaiige  of  tenpentore.  But  what  appeuM  veiy  t«w^ 
markable,  the  capillary  aetion  k  not  fubject  to  any 
densiUe  inflttence  from  that  cause.  The  alteratkma 
which  heat  induces,  on  those  powers  of  attrac^on 
and  repnlsioni  must  therefore  be  audi  to  to  leate  al-^ 
ways  the  same  differences,  whether  of  excess  or  de- 
fect. 

On  these  principles  we  may  expl«n  why  a  fine 
needle  will  swim  on  the  surface  of  water,  which  al^ 
ways  forms  a  small  pit  for  it.  The  attraction  among 
the  particles  of  the  fluid  occasions  the  same  ^Eect  as 
an  actual  repulsion,  pressing  upwards  with  a  force 
iUTersely  proportional  to  the  breadth  of  the  needle 
or  the  separation  of  the  water.  Hence  the  various 
slender  insects  wl^ch  commonly  fnequent'pools  eanly 
walk  on  the  surface  without  b^ng  wetteid,  the  water 
retreating  from  the  contact  of  their  glossy  and  ila- 
mentous  limbs»  The  same  property  defiBnds  tl^ 
feathered  tribe  against  the  injury  of  the  rain  ;  and 
the  dust  of  the  butterflies  wings  aflbrds  those  slender 
membranes  a  similar  protection.  We  may  i-emark 
that  the  needle  can  hardly  be  made  to  swim  on  al* 
oohol  or  strong  ardent  spirit.  The  only  way  of 
succeeding  is,  to  set  the  first  needle  afloat  on  a  anall 
body  of  water  in  a  glass,  and  afterwards  introduce 
the  alcohol  gently  by  means  of  a  tube  at  the  bottom. 

It  is  difficult  to  measure  directly  the  cohesion  of 
fluids ;  but  an  approximation  may  be  derired  from 
the  magnitude  of  drops  and  the  thickness  of 
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iritdetB^  heaped  wfon  ati  bodBsavtai  sMftieei  In  wt 
vievr^  kt  a  ti^^e  llic  fetmatioa  of  a  dyop  of  iMCitv 
as^itilovrip  cotfectt  ait  1^  end  of  •  ci^llafy  dfptoo^ 
Tbo  miituri  attetttwu  of  the  portfldtcia  dway^  i^omidil 
tiie  under  port  of  thvr  pendM|;  fluid,  ttikieli  «ottthwoil 
to  lengflkeft  tiU  its  accMKulatiig  weight  bo^mts  l# 
OYOfomt  tfao!  cohomni  of  the  portkslesv  bIm  fMi 
fotce  bohig  7^9  g^M  for  eoeb  horimiMd  s^atfo  iMh| 
^riiil^  a^  cnbioal  ittiab  of  watef  w»g)i»  9B^J^  gnrlikf^ 
iauik  correipond  to  tho  pvdl  of  a  oylifidei*  of  J  8  iM^h 
high,  which  will  influence  also  the  breadth  of  tiM 
pendant  liquid.  Beyond  this  limit  a  separation  will 
ensue,  when  the  cylinder  merges  into  a  sphere  a 
little  wider,  or  about  two-tenths  of  an  inch  diame- 
ter* 

The  cohesion  among  the  particles  of  alcohol  and 
of  sulphuric  acid,  being  respectively  the  fifth  part  of 
215  and^of  460  grains,  the  weight  of  a  cubic  inch 
of  each  of  those  fluids,  a  drop  of  them  should  mea- 
sure .17  of  an  inch  in  diameter. 

Again,  since  the  cohesive  power  of  quicksilver^ 
at  the  ordinary  temperature,  amounts  to  312  grains 
on  each  horizontal  inch,  while  a  cubic  inch  of  that 
ponderous  liquid  weighs  3424  grains,  the  drop  must 
separate  when  its  mean  depth  approaches  to  the  nine- 
hundreclth  part  of  an  inch.  * 

These  results  agree  sufficiently  with  observation. 
They  give  91>  23,  40,  and  76  grains,  for  the  se- 
veral weights  of  an  hundred  drops  of  water,  of  al- 
VOL.  I.  2  a 
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cohoI»  of  sulphuric  acid,  and  of  mercury.  In  th? 
higher  temperatures,  the  drops  of  all  liquids  must, 
from  their  decreasing  cohesion,  be  considerably  di« 
minished.  A  drop,  or,  in  the  language  of  the  apo- 
thecaries, a  fftUtf  is  hence  incorrectly  assumed  as,  in 
all  cases,  equivalent  to  the  weight  of  a  grain.  In- 
dependent of  the  influence  of  heat,  vfe  have  seen  that 
they  differ  very  considerably,  and  that  a  drop  of  al- 
coholy  the  most  ordinary  solvent  in  tinctures,  is  not 
only  much  lighter,  but  even  smaller,  than  one  of 
water» 
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VII.  HYDRODYNAMICS 

Consists  in  the  application  of  the  principles  of  Dy^^ 
namics  to  the  impulsion  and  flow  of  water  and  other 
liquids:  It  therefore  explains  all  the  various  mo- 
tions of  such  liquids,  and  of  fluids  in  general.  This 
important  branch  of  science  has,  in  reference  to  the 
construction  and  performance  of  water-works,  been 
commonly  termed  Hydraulics;  but  it  should  then 
comprise,  in  strictness,  the  joint  operation  both  of  air 
and  of  water. 

The  theory  pf  Hydrodynamics  is  entirely  of  mo- 
dem origin,  and  still  wants  that  perfection  which,  in 
unfolding  the  simple  pressure  of  fluids.  Hydrosta- 
tics has  attained.  The  forces  evolved  in  the  in- 
ternal motion  of  such  a  system  of  particles  are  so 
excessively  complicated,  that  it  becomes  necessary 
to  adopt  some  auxiliary  hypothesis  or  abbreviation, 
in  order  to  obtain  even  approximate  results.  Theory 
must  therefore,  as  in  the  practice  of  the  mechanical 
arts,  be  rectified,  by  a  constant  appeal  to  experience. 
In  this  way,  the  most  important  accessions  have  been 
lately  made  to  the  science  of  Hydrodynamics. 

The  fundamental  problem  in  the  motion  of  fluids 
is  to  determine  the  efflux  from  a  small  aperture  in 
the  bottom  or  the  sides  of  the  containing  vessel. 
Suppose  a  cylinder  ABCD  (fig.  152.)  of  the  thin- 
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nest  materials,  holding  water,  to  have  a  very  minute 
hole  opened  at  F,  giving  passage  to  the  liquid.  The 
whole  body  of  the  water  may  be  conceived  to  remain 
at  rest,  while  each  particle  in  succession,  as  it  reaches 
this  opening,  suffers  the  momentary  pressure  which 
causes  its  expulsion.  The  action  of  the  aceelerathig 
force  which  incites  the  motion,  is  hence  eonfined  to 
the  mere  interval  between  the  several  particles.  The 
force  itself  is  evidently  proportional  to  the  number  of 
particles  arranged  in  the  vertical  line  £F :  Each  ptf  ^ 
tide  is  at  first  urged  equally  on  every  side ;  bttt  when 
it  comes  within  the  limits  of  the  aperture,  the  pressure 
in  front  ceases,  and  it  is  pushed  forwards,  by  the  whole 
weight  at  the  incumbent  row.  But,  tt&m  the  prin- 
ciples of  dynamics,  the  square  of  the  velocity  general^ 
ed,  is  pn^qrtional  to  the  product  of  the  accelerating 
force  into  the  space.  If  h  denote  the  height  of  thc^ 
cylinder  of  water,  and  n  the  number  rf  particles  in 

the  perpendicular  range  ;  then  -  will  be  the  mutual 

h 

interval,  and  —  Xn,  or  A,  will  express  the  square  of 

the  velocity  of  ejection.  But  1  X  *,  or .  A,  repre* 
sents  likewise  the  square  of  the  velocity,  which  a  paro- 
tide would  acquire  by  its  mere  grafvity,  in  falhi^ 
through  the  whole  altitude  of  the  fluid.  TTie  velocity 
of  expulsion  in  feet  each  second  is  therefore  express* 
ed  by  8^h.  If  the  aperture  be  enlarged  beyond 
a  mere  point,  each  particle  in  its  parallel  access  \yill 
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evidently^  eseape  with  the  same  celerity,  and  henoe 
the  quantity  of  discharge  will  be  proportional  to 
the  surface  of  the  section.  The  effect  must  be 
likewise  the  $ame»  whether  the  aperture  be  made  at 
the  bottom^  or  iu  the  side  of  the  vessel,  or  be  placed 
with  any  obliquity ;  since  the  impelling  force  is  ulti« 
mately  directed  at  right  angles  to  it  If  the  jet  be 
thrown  exactly  vertical*  it  ought  evidently  to  mount 
to  the  level  of  the  dstern. 

The  accuracy  of  this  general  conclusion,  however, 
is  affected  by  several  assumptions.  It  supposes  the- 
aperture  to  be  suddenly  opened,  and  indicates  only 
the  first  tgaculation  of  the  water.  But  the  whole 
mass  of  fluid  is,  in  consequence  of  this  act,  put  in  mo* 
don  ;  the  particles  advance  slowly  to  the  orifice,  but 
are  not  ni^ad  now  in  their  exit  by  the  same  vigor- 
ous pressure.  The  mutual  attraction  of  the  liquid 
particles,  besides,  greatly  impedes  their  separation 
and  escape,  especially  in  the  case  of  a  very  small  aper- 
jture.  But,  what  more  than  any  other  cause  dimi- 
nifilies  the  quantity  of  efflux,  is  the  tendency  of  the 
various  strmmlets  towards  a  common  centre,  which 
occasions  them  to  shoot  beyond  the  edge  of  the  ori- 
fice*  and  ^erefore  to  contract  the  chanuel  of  th6  cur- 
rent. The  eflEbct  of  these  different  distributing 
causes  can  only  be  deduced,  from  a  comparison  with 
actual  experiment. 

A  simple  consideration  leads  to  the  same  result : 
Suppose  a  narrow  vertical  tube  were  inserted  in  the 
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orifice  at  the  side  of  the  cylinder.  The  water  would 
mount  to  the  elevation  of  the  opposite  surface  ;  but 
thb  addition  of  the  tube  could  have  no  effect  what- 
ever in  promoting  the  ascent  of  the  fluid,  since  the 
resistance  of  its  perpendicular  sides  could  furnish 
only  an  horizontal  pressure.  If  the  tube  were  anni- 
hilated, the  column  of  water  would  still  remain  the 
same  as  before.  That  pressure  which  sustained  the 
fluid  at  rest,  might  be  expected  to  raise  it  into  the 
like  position. 

This  reasoning  seems  plausible,  but  is  perhaps  not 
very  conclusive.  But  the  same  inference  can  be 
drawn  from  a  stricter  view  of  the  question.  Con- 
ceive the  jet  to  be  directed  perpendicularly :  The 
motion  of  the  water  is  then  exactly  reversed,  and  its 
descent  is  followed  by  a  con^sponding  ascent.  Hence 
the  common  centre  of  gravity  must  rise  just  as  much 
in  the  second  instant,  as  it  fell  during  the  first. 
Thus,  while  the  surface  of  the  water  in  the  cylinder 
sinks  from  AB  (fig.  153.)  into  the  position  GH, 
an  equal  portion  IKLM  is  projected  upwards.  The 
centre  of  gravity  of  the  mass  first  sinks  from  O  to  P, 
and  then  springs  up  again  to  O.  Hence  OP  m  half 
the  depth  of  subsidence  AG,  and  the  product  of 
whole  ABDC  into  OP  is  equal  to  the  product  of 
the  portion  IKLM  into  its  elevation  above  O ; 
wherefore  the  product  of  AC  into  OP  is  equal  to 
the  product  of  AG  into  the  altitude  of  the  project- 
ed portion  of  fluid  above  the  common  centre  of  gi'a- 
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vity.  Tbis  altitude  is  consequently  the  half  of  AC. 
The  jet  should  therefore  attain  the  height  of  the 
head  AR 

A  similar  conclusion  is  deduced  from  the  principle 
of  the  Qm9erv€itian  of  Living  Forces^  which  is  pe- 
culiarly applicaUe  to  such  an  elastic  body  as  water. 
In  subsiding  from  AB  to  GH,  the  fluid  mass  de- 
scribes a  space  AG,  with  an  accelerating  velocity,  the 
square  of  which  must  be  proportional  to  AG.  But 
the  portion  of  water  projected  upwards  from  the  ori- 
fice must  have  risen  with  a  retarding  celerity,  the 
square  of  which,  at  its  commencement,  being  pro- 
portional to  the  altitude  obtained.  Now  AC  X  AG = 
IKx  AC,  and  therefore  the  jet  should  spring  to  the 
height  of  the  surface,  AB. 

It  is  obvious  that  pressure  might  be  substituted 
for  the  weight  of  the  incumbent  cylinder  of  water. 
The  jet  thus  produced  will  rise  to  the  altitude  of 
an  equiponderant  column  of  fluid.  If  the  density 
of  the  compressing  mass  be  different  from  that  of 
the  projected  liquid,  the  velocity  of  discharge  must 
likewise  vary.  Thus,  a  column  of  mercury  acting 
upon  water,  will  expel  it  with  a  celerity  nearly  four 
times  greater,  or  what  is  due  to  an  altitude  repeated 
13^  times.  On  the  contrary,  the  inferior  action  of 
a  cylinder  of  water  upon  mercury,  could  only  raise 
this  to  the  IS^  part  of  its  own  height. 

Suppose  water  to  spout  at  right  angles  from  a 
small  aperture  E  (fig.  154.)  in  the  side  of  an  up- 
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lif^  cyliiidrif^l  or  pmDB»tic  vesi^  ABCD.  It 
wSi  lie  pmyected  with  »  vdimty  vfakh  would  ovny 
it  horizontally  through  double  the  space  KE*  in 
t)N3  tima  that  e  body  takes  to  fall  fpom  B  to  £• 
Sat  it  SMW  d^aaends  witix  an  aoeeteratod  iMdou 
tQ  tb^  level  of  DC,  while  it  eontinuea  its  usi* 
toxm  boriMBtal  flight,  thus  deaerihing  a  {Mrabo- . 
\»  which  m^atfi  the  ground  in  Gs  Wherefone 
y/BE ;  v^  EC  :  :  «BE  :  CG,  and  BE  :  EC  :  : 
4BE*  :  CG* ;  imiaeqiusntly  CG^p;4B£x£C.  aal 
'haviugt  upon  tiie  diameter  BC,  dfecribed  a  aemi* 
circle,  CG*  =  4EF%  and  CG  :»:  £EF.  Thua,  tine 
koriioantal  range  of  the  jet  is  douUe  of  the  ordinate 
£F.  Tbm  range  is  hence  the  greatest  when  the 
aperture  is  in  £,  the  middle  of  the  altitude  BC  be* 
iDg  tbett  equal  to  the  altitude  itself.  In*  odier 
oaaes  there  are  two  apertures,  L  and  H,  equidia^ 
tant  from  the  middle,  wrhich  gire  the  aame  range 
CK^«LM=5gHL 

LiOt  the  aperture  he  placed  at  the  side  ckiae  to  the 
bottom  of  tl^  veeie}^  but  directed  at  diffisrent  elevs* 
tiona^  It  ifl*  evident,  from  the  theory  of  projectiles, 
tjbat  the  extenaion  of  the  level  AB  (fig.  1^5.)  will  de* 
Sue  the  directrix  of  all  the  parabolaa  described  by  the 
jeta.  If  a  circle  be  described  from  the  centre  C  with 
the  radius  CB,  it  will  trace  the  foci.  Let  the  taiv 
gent  C£  indicate  the  elevation,  and  draw  CF  eoa* 
king  the  angle  ECF  eqtial  to  BCE ;  let  fall  the  per- 
jj^dicular  FH,  and  take  HG  equal  to  it ;  the  diK 
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tance  CG  will  mark  tb^  t&Bg^  oi  the  jet.  But 
CG:=2CH=2CFx  cos FCH  ^  «CB  XJiin  SECH, 
Henoe^  wben  the  eleyaticm  »  45'',  tbe  &cu8  of  the 
pambda  falls  qq  the  homoirtal  line  at  F,  and  the 
»Qga  C&  is  tbeo  this  greatest  p0ssSde»  being  dmble 
of  the  altitude  CB. 

Since  the  velocity  of  emission  from  any  orifice  is 
$x/^  *^^  squiure  «£  jt  is  6^  If  a  parabola,  there- 
fore»  be  described  »fan  the  attitude  BC  (&g.  I5d*)  \ 

as  w  axis,  and  with  a  paraiseter  of  €4  feet,  the  ordip 
nate  QH  will  express,  in  feet  each  second,  the  flow 
frtyoi  the  apertuiie  GC.  Suppose  the  side  of  the  ves- 
ad  weare  elit  dowtt  its  whole  h^ght,  the  efflux  af  wa^ 
ter  would  then  be  denoted  by  the  area  of  the  parabola. 
But  if  an  opening  eqml  to  that  slit  were  made  at 
the  ho(ttQm»  this  dwhat^  of  fluid  would  be  re- 
pGsented  by  the  cii-eumscribing  rectangle  BIHC 
Wherefore  the  discharge  by  a  perpendicular  slit,  is 
only  two4hirds  of  what  is  effected  by  an  horizontal 
upcrture  of  the  same  dimensions. 

The  efflux  from  aaoi  orifice  at  the  bottom  of  a  ves* 
sel  being  always  as  the  aquare  of  the  attitude,  it 
may,  by  the  accumulate  elevation  of  the  fluid,  be 
brought  to  comei^nd  .with  any  givea  meaaure. 
Whee  a  stream  of  water  flows  into  the  cistern  just 
as  fast  as  it  is  again  >  discharged,  the  fluid  must  evi^ 
dently  mdkitain  a  cogovtant  levd,  fiiom  which  the 
celerity  h  emlj  computed.  SuppMe  this  altitude 
(o  be  three  inches,  the  velocity  of  discharge  wouldl 
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be  S^-^9  or  four  feet  each  second,  that  is  240  feet 
^very  minute.  The  delivery  would,  therefore,  be  at 
the  rate  of  a  cubic  foot  a  minute,  if  the  aperture 
were  only  the  S40th  part  of  a  square  foot,  or  three- 
fifths  of  a  square  inch.  This  opening  corresponds 
to  a  circle  of  which  the  diameter  is  .Sy^  parts  of  an 
inch. 

Hence,  a  very  convenient  modvluB  or  measure, 
for  ascertaining  readily  the  quantity  of  water  deli- 
vered in  a  minute  by  any  pipe  or  conduit.     Let  a 
cylinder  of  tin,  above  four  feet  high  and  one  foot 
wide,  be  fitted  with  a  float,  bearing  a  slender  divi- 
ded rod,  which  passes  through  a  hole  in  the  middle 
of  a  bar  stretched  across  the  open  top.     This  rod  is 
marked  1,  @,  3,  4  at  the  distances  of  3,  12,  27  and 
48  inches,  being  the  fourth  parts  of  the  squares  of 
the  first  numbers  in  feet.     The  divisions  may  like- 
wise be  quartered  by  beginning  with  the  sixteenth 
part  of  8,  12,  27  and  48  inches ;  and  continuing 
the  process  by  multiplying  the  squares  of  5,  6,  &c., 
as  far  as  16  by  3,  and  dividing  the  products  again 
by  16.     The  cylinder,  having  a  circular  hole  with  a 
fine  edge  cut  in  the  bottom,  being  now.  set  upright 
at  some  distance  from  the  ground  to  receive  the  cur- 
rent, the  water  mounts  gradually  in  the  vessel,  till 
it  has  gained  an  altitude  sufficient  to  cause  a  dis- 
charge equal  to  the  whole  influx.     The  rod  then 
indicates  the  number  of  cubic  feet  received  every 
minute. 
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But  the  application  of  this  modulus  may  be  ex- 
tended, by  adapting  to  it  a  series  of  apertures 
which  screw  into  the  bottom  of  the  cylinder.  Let 
them  have  successively  these  diameters  in  inches 
.437  _  .874  —  1.748  —  and  3.496.  The  rod 
would  then  be  square,  and  marked  on  all  its  four 
sides  ;  the  divisions  on  the  first  side  corresponding 
to  a  discharge  of  ^,  ^,  f ,  and  one  cubic  feet,  those 
on  the  next  to  1,  S,  3,  4,  those  on  the  third  side  to 
4,  8,  12y  and  I6,  and  those  on  the  fourth  side  inti- 
mating a  flow  of  16,  32,  48  and  64  cubic  feet  every 
minute.  From  these  data,  it  is  easy  to  construct 
other  moduli  suited  to  particular  limits.  The  cor- 
rection required  in  the  size  of  the  apertures,  to  ac- 
commodate theory  with  practice,  will  be  afterwards^ 
explained. 

The  native  troops  in  India  are  accustomed  to  re- 
lieve guard,  on  the  sinking  of  a  perforated  metallic 
cup  in  a  vase  of  water.  As  a  converse  of  this,  the 
ancients,  instead  of  a  sand-glass,  employed  a  cistern, 
from  which  the  water  trickled  through  a  small  hole 
at  the  bottom,  under  the  name  of  ^Clepsydra  or 
water-clock^  to  measure  time.  In  a  cylinder,  the 
flow  would  evidently  diminish,  as  the  level  of  the  sur- 
face is  incessantly  lowered.  To  procure  an  uniform 
descent  of  the  water,  it  would  be  necessary  to  adopt 
the  figure  of  a  conoid  of  the  parabolic  kind,  each 
circular  section  of  which  is  proportional  to  the 
square  root  of  the  corresponding  altitude  :  Suppose 
this  were  24  feet,  and  the  diameter  at  the  top  13»28 
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feet,  the  diameterB  of  the  successive  seetiotus  bein^ 
always  six  times  the  fourth  root  of  the  altitude. 
The  velocity  of  efflux  would  thea  be  8^S3^39.19St 
£bet  each  second*  If  the  ^ater  sank  at  the  xate  of 
a  foot  erery  b«ur>  the  width  of  the  orifice  would 
he  to  the  extreme  diameter  or  13.S8,  as  1  to 
60^39*ld£*  This  gives  an  aperture  of  .4^4  parts 
of  an  inch.  A  conoid  of  such  dimensions  would,  as 
represented  in  £g.  156,  therefore,  answer  correctly 
as  a  Clepsydrat  the  equable  subsidence  of  a  float 
marking  the  Jieries  of  twenty^our  hours  in  a  natii^ 
ral  day.  This  float  being  fastened  to  a  thread 
wound  about  a  cylindrical  barrel,  of  a  foot  in  cir- 
cum&rence,  would  carry  the  index  of  a  dial  r^idar- 
ly  round. 

Let  it  be  required  to  find  the  time  which  water 
ta)&es  to  flow  out  of  a  cylindrical  vessel,  through  a 
hole  in  the  bottom.  Since  the  velocity  of  projec- 
tion} after  the  level  has  subsided  to  6,  (fig.  157*)  is 
in  the  subduplieate  ratio  of  the  altitude  GC,  it  may 
be  iiepresented  by  the  ordinate  GH  of  a  parabola 
applied  to  the  axis  CB.  Wherefore,  the  time  of 
discharging  the  thin  stratum  Gy  is  expi^essed  by 

Ga 

^^ ;  but,  having  drawn  the  normal  HN  to  the 

curve,  the  elementary  triangle  HyA  is  obviously  ai- 
milai-  to  NGH,  and  Hy  or  Gff  :  yh  :  ;  GH  :  GN; 

whence  the  element  of  the   time   or  pjf  =  ^^. 

Now,  the  subnormal  GN  is  constant,  being  equal  ta 
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half  the  pammeter  of  the  parabola ;  coHse^uently 
the  portions  of  time  Xs^,  taken  collectively  during 

the  descent  c^  the  dnvfaoe  of  the  water  fhrm  B  to  G, 

KB 

will  -be  denoted  by  >vct»  the  whole  time  of  the  flow 

being  ^y^.     Hence,  if  the  altitude  BC  were  divided 

into  equal  parts  by  a  number  of  ovdinates^  the  di£« 
ferences  between  these  would  mark  the  intervals  of 
the  times  of  descentt  Suppose  an  extreme  tangent 
wer&  eqpptied  at  B>  tti^tthig  the  extension  of  DC  iti 
L,  fiom  which  is  drawn  LM  parallel  to  the  axis  CB. 
The  time  o£  the  whole  dkeharge^  if  the  water  had! 
eotitintted  to  flow  with  it^  initial  rekH^ity,  will  be  de^ 
noted  by  EM.  But  the  tangent  wemld  ctit  BC  pi*^ 
dueed  at  an  equal  dittanee  beyond  C,  and  consd'' 
quently  LM  must  bisect  EK  lli^  discharge  of  the 
flmd  requires,  therefore^  double  the  time  whiehf 
would  have  sufficedi  if  the  efflux  bad  maintamedl  ittf 
first  intensity. 

In  general,  let  H  and  h  denote  in  feet  the  alti^ 
tudes  of  the  column  of  water  in  two  different  situa^ 
tioQS,  and  n  the  ratio  of  the  diameter  of  the  eylindier 
to  that  of  the  aperture.  The  initial  velocity  i»8^H, 
and  hence  the  whole  time  of  dilehat^e  from  the  ves- 
sel, had  the  flow  continued  uniform,  would  have  been 

,t|=— ^H.     But  the  time  of  actual  discharge 
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4 

is  the  double  of  this  quantity,  or  —  ^H.    Now  the 

intermediate  time  during  which  the  surface  of  the 
water  descends  from  B  to  G,  being  proportional  to 
£K,  the  excess  of  the  ordinate  BE  above  GH, 
which  are  themselves  in  the  subduplicate  ratio  of  the 
corresponding  heights  AC  and  CGH  ;  it  follows 
that  ^H — ^h  may  be  substituted  instead  of  ^H. 

n* 

TTie  expression  then  becomes—  (^H — x^h,)  which 

denotes,  in  seconds,  the  time  of  the  subsidence  of 
the  level  of  the  water  in  the  cistern  from  B  to  G. 

In  these  investigations,  we  have  considered,  for 
the  sake  of  simplification,  the  aperture  of  projec- 
tion as  extremely  smalL  But  when  it  bears  a  sensi- 
ble proportion  to  the  width  of  the  vessel,  the  celeri- 
ty of  discharge  will  evidently  be  diminished.  The 
accelerating  pressure  may  be  conceived  as  only  the 
excess  of  the  weight  of  the  contained  water  above 
that  of  the  (column  incumbent  over  the  orifice. 
The  velocity  of  emission  is  hence  expressed  by 

S^U^n^^X  or|v/Hv/(n»— 1).     Where- 

fore  the  time  of  subsidence  from  the  level  H  to  A 

When  an  aperture  is  made  in  the  side  of  a  vessel 
holding  any  fluid, .  the  equilibrium  of  hydrostatic 
pressure  must  evidently  be  disturbed.     This  force. 
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which  was  eterted  equally  all  around  the  inner  sur-. 
facCf  now  ceases  to  act  at  the  opening ;  or  rather  it 
expends  its  action  there,  in  projecting  the  uncovered 
portion  of  the  fluid.  The  reaction,  or  incessant  re- 
coil sustained  by  the  general  mass,  will  hence  be  the 
same,  as  the  external  pressure  of  a  column  of  the 
fluid  of  equal  altitude  directed  against  the  section  of 
the  orifice.  If  the  vessel  have  therefore  a  cylindri- 
cal form,  and  turn  freely  about  a  vertical  axis,  while 
it  carries  under  it  two  horizontal  branches,  extend* 
ing  both  ways,  each  of  them  perforated  near  the  end 
at  right  angles  to  their  plane  with  the  axis,  but  in 
opposite  sides ;  the  machine  will  be  driven  back- 
wards by  the  spouting  fluid,  and  forced  to  revolve  as 
long  as  the  action  continues.  The  force  thus  exerted 
IB  equal  to  the  weight  of  a  column  of  the  fluid  ha- 
ving the  general  altitude,  with  the  two  apertures  for 
its  base.  But  the  effect  becomes  augmented  in  this 
case,  by  the  length  of  the  arms  or  levers  to  whiclr 
the  power  is  applied. 

This  principle  has  been  long  successfully  adopted 
in  the  construction  of  a  very  simple  but  efficient  wa- 
ter-mill, commonly  designated  Barker's  mill.  It  is 
capable,  however,  of  various  other  useful  and  im- 
portant applications,  which  remain  still  to  be  carried 
into  execution. 

The  action  of  centrifugal  force  may  be  advantage-, 
ously  employed,  either  in  raising  water  to  a  higher 
level,  or  in  urging  its  flow  from  an  orifice.  Let  a 
cylindrical  vessel,  (fig.  158.)  carrying  an  horizontal 
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am  or  tube  DE».  toned  op  at  the  ezid  imto/  a  ]ier^ 
pendiGvilav  bnmcb  EG,  he  made  taD  nrolvr  qndckly^ 
aboBt  k»  axi»  AB.  If  wbik  at  mest^  k  ooatamed 
water  to  tbe  beigbt  C,  this  would  abidowly  stand  at 
the  smie  )€tel  in  the  opposite  tidie  at  F«  But  after 
the  drcuktioff  of  the  gyatem  commnced,  a.  dxHnr^ 
ent  amaigeraeBt  matld  take  pkee :  The  aevenT 
partielea  itt  the  bcrrisontal  colmmn  will  be  drnvn  for-* 
waiii  by  the  eeiitriltigal  cffiMrt,  whick^  at  tfaey  te^ 
voire  aH  in  the  Mne  tiine,  is  therffooee  iav  ^  ooud* 
pound  ratio  of  their  granty  and  of  dmr  ^Jirttngft 
from  the  axi»  of  notionr  Tina  foreo  will  conse^* 
quefftly  merease  uoifermly  from  B^  aloog  the  wbolo 
range,  to  the  extremity  E^  WhereiiDVO  the  aetioiK  es^ 
erted  at  this  limit  will  be  the  aame  aa-  the  we^ht  m 
presamre  of  a  vertiea)  eoiumfi^  whoae  altitude*  F  » to 
the  lei^h  of  the  arm  BE,  aa  tba  cei^Rft^  fkatx 
at  the  middle  pc^t  O  ia  to  the  power  of  graviMdoia* 
This  ineumbent  load  henee  iwisea  and  aopporta  an 
equal  column  above  the  level  F,  the  amaU  verticfil 
portion  F£  hUng  austained  merely  by  CBy  md  not 
afl^ted  by  any  centrvfogal  tendency^  Let  B£  be 
denoted  by  r,  and  the  time  of  revolutioiK  in  aeoonda 

Sir 

by  t  /  the  centrifugal  force  at  O  is,  therefore,  -^  = 

— ,  and  the  altitude  of  the  equivalent  column,  or 
FG,  is  —  .  r  =  -Q  .     If  the  vertical  tube  EG 
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were  shut  above  F,  and  an  aperture  made  at  that 
point,  the  rush  of  the  fluid  along  the  pipe  D£,  which 
corresponded  to  the  pressure  of  GF,  would  be  ex- 
erted in  projecting  the  fluid.     The  velocity  of  ex- 

St 
pulsion  would  hence  be  — .     But  if  the  orifice  were 

opened  at  £,  the  celerity  of  emission  would  be  far« 
ther  augmented  by  the  pressure  oAFE.  In  Barker's 
mill,  the  action  is  hence  apparently  augmented  by 
the  centrifugal  force  brought  into  play  by  the  revo- 
lution of  the  machine.  But  this  force  being  gained 
only  at  the  expense  of  the  pressure  of  the  water  in 
the  cistern  AB,  cannot  affect  the  absolute  quantity 
of  performance. 

Suppose  perpendicular  tubes  (fig.  1590  HL,  IM, 
KN,  &c.  were  erected  at  equal  distances  from  the 
axis  AB  along  the  horizontal  area  BK.  Since  the 
time  of  revolution  is  constant,  the  ascents  PL,  AM, 
and  RN,  &c.  of  the  fluid  must  be  proportional  to  r*, 
or  to  the  squares  of  the  several  distances  BH,  BI, 
and  BK,  &c.  PL,  QM,  and  RN,  &c.,  are  hence  as 
the  numbers  1,  4,  9f  &c.  A  parabola  described  from 
the  axis  AB  through  the  vertex  C,  would,  therefore, 
pass  through  the  several  points  L,  M,  N,  &c.  Con- 
ceive the  vertical  pipes  to  be  united  into  one  mass, 
and  their  summits  will  trace  the  curve  of  a  parabola. 
Obliterate  the  sides  of  those  tubes  altogether,  and 
the  surface  of  the  fluid,  extending  (as  in  fig.  160.) 
on  every  side  of  the  axis,  will,  by  its  circumvolution. 
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■ 

form  the  cavity  of  a  parabolic  conoid.  The  curve 
will  not  be  affected  by  the  depth  of  the  v^ater  in  the 
cistern,  since  of  each  perpendicular  column  all  the 
particles  situated  below  the  vertex  must  receive  the 
same  horizontal  thrust,  derived  from  centrifugal  ac- 
tion, to  enable  them  to  support  the  additional  verti- 
cal pressure.  The  parameter  of  the  pifttibola  de- 
pends merely  on  the  time  of  circulation,  being  equal 
in  feet  to  eight-fifths  of  the  square  of  the  number  of 

seconds.  Employing  the  usual  notation,  tzz  — ^  and 
^= ,  or  very  nearly  — j-  ;  whence  ,the  para- 
meter is  denoted  by  — -   or  (    -  )  •      Wherefore, 

the  central  depression  of  the  water,  being  from  the 
property  of  the  curve  equal  to  r»,  divided  by  the 

parameter,  ^s  tjt  or  I  -  I  .  The  depth  of  the  cavi- 
ty is  thus  independent  of  its  width,  being  propor- 
tional to  the  square  of  the  exterior  velocity. 

Next,  let  a  reflected  pipe  rise  obliquely,   as  in 
fig.  162.     The  horizontal  pressure  at  F  is  denoted 

5CF*  SAG* 

by  -TTT-  5  and  that  exerted  at  G  by  — mr-  •   But  as 

long  as  the  continuity  of  the  water  included  between 
F  and  G  is  maintained  by  its  cohesion,  the  centrifu- 
gal force  directed  to  the  middle  point  O  may  be 
considered  as  what  sustains  the  oblique  column  FG, 
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or  an  equipondei'ant  vertical  column  GH.     Whence 
^  .PO*  =  GH,  or  ^.  P0»  =  FG .  sin  GFH  ; 


Si*  '       St' 

but  PO  =  CF  +  FG .  ^  cos  GFH,  and  therefore 

A  (CF  +  FG .  J  cos  GFH)*  =  FG  .  sin  GFH. 

Let  FG  be  supposed  to  rise  from  the  bottom  of  the 
axis  AB,  near  which  level  the  water  of  the  cistern 
has  likewise  subsided  ;  the  expression  will  be- 
come A.  (FG  .  ^  cos  GFH)»  =  FG  .  sin  GFH, 

or  -1^  .  FG\  cos'  GFHzzFG.sin  GFH.  Where- 

fore  FG .  cos»  GFH  =  ^ .  sin  GFH,  or  FG=^ 

32^    sin  GFH      32^*    tan  GFH      ^,  ,  . . 

— -— . — nrTWrr^ — z — • TTrvo-      -'Lne  centniu- 

5     cos*  GFH       5      cos  GFH 

gal  action  is  thus  unequally  exerted  along  a  straight 

tube  obliquely  placed. 

Let  it  now  be  required  to  find  a  curve,  in  every 

part  of  which  that  force  has  the  same  efficacy*     We 

may  here  exclude  the  influence  of  hydrostatic  pres* 

sure,  and  consider  smooth  balls  as  occupying  the 

sides  of  the  cavity.     The  centrifugal  force  acting 

against  the  curve  at  C  (fig.  163.)  is  denoted  by  DC, 

and  may  be  decomposed  into  EC  perpendicular  to 

the  curve,  and  D£  parallel  to  it.     This  last  is  the 

only  force  exerted  in  sustaining  a  ball  at  C.     But 

part  of  the  weight  of  the  ball  being  upheld  by  the 

2  B  2 
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curve,  the  efficacy  of  the  direct  centrifugal  action 
D£  is  proportional  to  DN,  which  mtist  hence  be 
constant.  And  such  is  the  property  of  the  subnor? 
mal  DN  in  the  parabola,  which  therefore  answers 
the  conditions  of  the  problem.  Let  P  denote  the 
parameter  of  the  curve,  of  which  ADN  is  the  axis ; 
then  DN  =  ^P,  and  consequently  the  centrifugal 
force  due  to  a  radius  DN  becomes  equal  to  the 
power  of  gravity,  while  a  ball  at  C  is  just  supported, 

or  ^i-  =  1,  and  5P  =  8t*.      Wherefore  if  t,  the 

5 
time  of  revolution,  were  equal  to  ^  -^  .  P,  or  very 

nearly—  ^  P,  a  ball  would  be  upheld  in  any  part 
o 

of  the  cavity  of  a  parabolic  conoid,  and  the  slight- 
est acceleration  would  be  sufficient  to  roll  it  up  to 
an  indefinite  height.  But  the  circumvolution  of  a 
vessel  of  this  form  would  have  the  same  effect  in 
raising  a  sheet  of  water  along  its  inner  surface.  If 
the  parabolic  conoid  were  perforated  at  the  ver- 
tex,  and  a  little  immersed  in  a  standing  pool,  it 
would  at  first  produce  no  sensible  effect ;  but  after 
it  had  quickened  the  time  of  its  revolution  beyond 
the  precise  limit,  it  would  draw  up  the  water  at 
once  to  the  brim,  and  disperse  that  liquid  in  a  co- 
pious horizontal  shower.  A  machine  of  this  kind, 
driven  by  a  small  wind-mill,  might  be  applied, ad- 
vantageously to  the  draining  of  marshes. 
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If  a  cylindrical  glass  vessel,  partly  filled  with  wa- 
ter»  be  set  on  the  middle  of  a  whirling  table,  the  de- 
pressicHi  of  the  liquid  will  increase  rapidly  as  the  cir* 
eamTolution  is  accelerated.  With  double  the  velo- 
dty,  the  depth  of  the  cavity  will  be  quadrupled } 
and  with  triple  the  velocity,  it  will  be  rendered  nine 
times  greater.  In  urging  this  voraginous  motion, 
the  water  will  continue  to  descend  in  the  centre, 
while  it  rises  up  the  sides  of  the  vessel :  It  will  thto 
divide  at  the  bottom,  and  spread  more  upwards, 
forming  always  a  parabolic  conoid,  but  with  a  di- 
minishing parameter.  See  fig.  I6l,  which  exhibits 
three  successive  states  of  circumvolution.  If  a  thin 
ring  were  applied  round  the  top  of  the  cylinder,  the 
water  in  its  extreme  celerity  would  cover  the  inside 
of  the  cylinder  with  a  stratum  of  almost  equal  thick- 
ness. If  a  hollow  glass  globe  be  partly  filled  with 
water,  and  made  to  whirl  very  rapidly,  the  fluid  will 
separate,  leaving  a  vacant  cylindrical  space  around  the 
axis  i  and  if  a  portion  of  quicksilver  be  introduced, 
it  will  rise  up  along  the  inside,  mounting  to  the  wi- 
dest part  of  the  sphere,  and  there  forming  a  beauti- 
fiil  zone.  Suppose  a  cylinder  6  inches  wide  and  16 
inches  high,  filled  with  water  to  the  altitude  of  4  in- 
ches :  When  the  circumvolution  is  performed  in  .68'^ 
the  water  is  depressed  an  inch,  the  central  part  stand- 
ing at  d|  and  the  sides  at  4^ ;  but  when  the  cylinder 
circulates  in  .24^^  the  cavity  sinks  8  inches  in  the  bot- 
tom, and  rises  at  the  sides  to  the  height  of  8  inches. 
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If  the  revolution  wercf  achieved  in  .159f\  the  water 
would  mount  to  the  lips,  leaving  a  dry  circle  at  the 
bottom  of  the  vessel  of  2^  inches  in  diameter. 

Hence  the  origin  of  dimples  on  the  surface  of 
small  streams,  and  of  whirlpools  in  mighty  rivers 
and  narrow  seas.  The  effect  is  produced  by  the 
lateral  attrition  of  adverse  currents,  which,  extending 
their  influence  from  the  neutral  point  or  centre  of 
equal  and  opposite  action,  gradually  convert  their 
parallel  motions  into  a  combined  system  of  circum- 
volution*  Suppose  each  current  had  a  velocity  of  9 
miles  an  hour,  or  13.2  feet  each  second,  and  the  ra* 
dius  of  the  whirlpool  to  be  100  feet :  The  time  of 
circulation  would  then  be  47*t>'^  and  the  depression 
in  the  centre  of  the  gulf  only  2.72  feet,  the  parame*- 
ter  of  the  parabola  being  3672  feet. 

Since  the  pressure  of  a  column  of  water  occasions 
a  corresponding  flow,  every  current  may  be  viewed 
as  originating  from  the  action  of  such  a  force,  and 
can^  therefore  be  determined  by  the  altitude  of  the 
incumbent  fluid.  Hence  the  construction  of  Pitot's 
tube,  a  very  convenient  small  instrument  for  mea*- 
suring  the  velocity  of  any  stream.  It  consists  of  a 
recurved  tube  of  glass,  of  which  the  one  branch, 
however,  is  much  taller  than  the  other ;  the  short 
branch  is  bent  at  the  top  into  a  spreading  funneU 
shaped  mouth,  which  receives  the  direct  shock  of  the 
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water,  and  communicating  this  impression,  causes  a 
proportional  elevation  above  the  common  level.  See 
fig.  164.  To  prevent  the  irregular  oscillation  of  the 
liquid  in  the  syphon,  it  may  be  proper  to  have  the 
bore  much  contracted  in  the  whole  of  the  under  part 
of  either  branch.  This  object  is  farther  promoted 
by  covering  the  funnel  orifice  by  a  thin  circular  piece 
of  brass  with  a  very  small  hole  in  the  centre.  The 
pressure  will  be  still  propagated  as  before,  but  with 
more  steady  effect.  The  divisions  on  the  scale  are 
reckoned  upwards  from  the  surface  of  the  stream. 
To  ascertain  them,  let  the  expression  %Vhz=:v  be  re- 

sumed,  and  64Ai=t;*,  orA  =  ^=lgl,  where  h 

denotes  in  feet  the  height  of  the  column,  and  v 
the  velocity  each  second.  Hence  the  rise  corre- 
sponding to  the  rate  of  a  mile  an  hour  would  be 

(7^  I  -757  =  7^7:7:,  or  4-lOths  of  an  inch  :    The 
\5J    64      1200 

scale  would  hence  be  marked  1,  2,  3,  4,  5,  6,  7»  8,  9> 

&c.  miles,  at  the  respective  heights  of  .4-1.6-3.6 

-6.4  -10.0  -14.5  -19.7  -25.8  -32.7,  &c.  inches. 

Few  rivers,  therefore,  would  require  the  glass  tube 

to  rise  six  feet  above  the  surface  of  the  water.    The 

instrument  may  be  composed  of  a  long  narrow  tube 

of  brass  or  tin,  cemented  to  a  wide  cylinder  of  glass, 

carrying  the  divisions.  « 

A  construction  somewhat  different  might  answer 

for  measuring  a  ship's  way  at  sea.     A  long  tin  pipe 
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presenting  its  trumpet  orifice  under  water  at  the 
prow  could  be  conducted  along  the  side  of  the  keel, 
and  brought  up  into  the  cabin,  there  to  be  cement- 
ed into  a  wider  perpendicular  tube,  of  glass.  The 
scale  could  be  made  to  slide  along,  having  been  adjust- 
ed to  the  level  of  the  external  water  during  a  calm ; 
or  this  level  might  be  found,  by  placing  another  pa* 
rallel  glass  tube,  which  has  cemented  to  it  a  narrow 
tin  pipe  running  out  below  towards  the  bottom  of 
the  vessel. 

If  the  channel  of  any  stream  be  suddenly  con* 
tracted,  the  water  will  be  forced  to  rise  above  its 
ordinary  level.  Suppose,  for  instance^  that  the  flow 
was  at  the  rate  of  a  mile  an  hour  9  this  might  be  con- 
sidered as  the  effect  of  an  incumbent  column  of  four- 
tenths  of  an  inch.  But  where  the  section  of  the 
current  is  reduced  to  one  half,  the  resulting  celerity 
of  two  miles  an  hour  would  correspond  to  the  pres- 
sure of  an  altitude  of  1.6  inches.  An  accumulation 
of  the  water  to  the  height  of  the  difference,  or  1 .2 
inches,  would  hence  be  occasioned  by  this  obstruc- 
tion. In  general,  if  1;  denote  the  velocity  of  a  river 
in  miles  every  hour,  a  the  measure  of  its  vertical 
section,  before  it  suffers  any  impediment,  and  b  that 
of  its  contracted  course ;  the  rise  of  the  level  will  .be 

expressed  in  feet  by  ^  ( — p—  J.     It  may,  in  prac- 
tice, however,  be  more  accurate  to  admit  a  dight 
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modification,  and  assume --7;  ( — ^ — ).    This  for- 

mula  was  remarkably  exemplified  in  the  ruinous  pile 
of  the  old  London  Bridge,  the  piers  of  which  were 
80  massive  as  to  reduce  the  breadth  of  the  water*course 
from  14  parts  to  3.     The  velocity  in  spring-tides  is  ft 

miles  an  hour  j  and  hence  —  /- — g —  /  =  5  feet. 

Such  then  was  the  fall,  and  this  with  a  rapidity  of 
9h  miles  an  hour.  No  wonder  that  the  shooting  of 
the  Bridge  was  sometimes  attended  with  so  much 
hazard  and  danger. 

All  the  preceding  investigations  are  grounded  on 
legitimate  theory,  but  some  reduction  is  necessary  in 
bringing  the  results  to  conform  with  actual  practice. 
If  a  wide  orifice  at  the  side,  but  close  to  the  bottom, 
of  a  tall  cylindrical  vessel,  containing  water,  be  co- 
vered by  a  thin  plate  of  metal  perforated  by  a  fine 
round  hole ;  on  removing  the  finger  from  this  aper- 
ture, the  first  emission  of  the  fluid  will  exactly  agree 
with  calculation.     But  after  the  whole  mass  has  ac- 
quired motion,  the  various  streamlets,  all  directed 
towards  the  centre  of  the  hole,  bend  at  a  little  dis- 
tance from  its  sharp  edges,  and  escape  in  a  contract- 
ed current.     It  has  been  ascertained  by  experiment, 
that,  through  such  a  simple  aperture,  the  flow  is  on- 
ly five-eighth  parts  of  what  theory  would  indicate. 
If,  therefore,  we  substitute  five  instead  of  eight  in  a 
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preceding  formula,  an  expression  will  be  obtained 
for  the  quantity  of  real  water  discharged  from  a  giv^n 
orifice  in  any  vessel.  Let  A  denote  the  area  of  this 
orifice,  and  h  the  height  of  the  fluid ;  then  5y/h.  A 
will  express  the  efflux,  in  cubic  feet  every  second,  or 
300  h.s/h  the  quantity  delivered  in  a  minute.  If, 
while  h  marks  the  altitude  of  the  water  in  feet,  d 
should  measure  the  diameter  of  the  circular  hole  in 
inches,  the  discharge  every  minute  will  be  represent- 
ed by  Q.6526d*^hf  which  corresponds  very  nearly 
to  159d*y/h  in  an  hour. 

If  a  cylindrical  tube,  whose  length  is  rather  more 
than  twice  its  width,  be  adapted  to  this  aperture, 
the  discharge  will  become  augmented  from  five  parts 
to  six  and  a  half,  and  will  consequently  amount  to 
thirteen-sixteenths  of  the  quantity  assigned  by  theo- 
ly.  The  formula  in  this  case  will  therefore  be 
390 A^A,  for  every  minute ;  or  the  diameter jof  this 
annexed  tube  or  adjutage  being  denoted  in  inches  by 
dy  the  discharge  will  be  3.41  d*^h. 

Prony  has  lately  proposed,  as  a  modulus  for  Hy- 
draulic Operations,  the  quantity  of  water  discharged 
in  the  space  of  twenty-four  hours  from  a  wide  shal- 
low cistern,  kept  constantly  full  by  an  ingenious  me- 
*chanical  contrivance.  At  the  depth  of  5  centime- 
tres, or  1.9685  English  inches  below  the  surface,  is 
the  centre  of  a  circular  hole  of  2  centimetres  or 
>.7874  inches  diameter,  perforated  through  the  thin 
side  of  the  vessel  \  and  to  this  aperture  a  cylindrical 
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tube  of  only  .6693  inches  in  length  must  be  fitted* 
The  measure  which  is  thus  delivered  in  a  natural 
day  amounts  to  two  moduli  or  20  cubic  metres,  cor- 
responding to  7 11. 24f  cubic  feet»  being  very  nearly 
three-fourths,  instead  of  five-eighths,  of  the  quantity 
assigned  by  rigorous  theory. 

The  addition  of  the  projecting  pipe  has  in  all 
cases  really  the  effect  of  extending  the  action*  of  the 
hydraulic  pressure  from  the  inner  to  the  outer  aper- 
ture, while  the  cavity  is  kept  always  full  by  the  in- 
cumbent weight  of  the  external  atmosphere,  aided 
likewise  by  the  adhesion  of  the  water  to  the  sides  of 
the  tube.  Accordingly,  if  small  perforations  be 
made  in  this  eductive  pipe,  the  air  will  enter,  and 
flow  along  the  contracted  surface  of  the  current, 
hence  occasioning  a  proportional  diminution  of  the 
quantity  of  discharge.  On  a  small  scale,  the  con- 
traction and  separation  of  a  jet  from  the  sides  of  its 
tubulated  orifice  may  be  remarked  under  the  ex- 
hausted receiver  of  an  air-pump.  The  efficacy  of 
the  pipe  thus  proceeds  entirely  from  its  continuing 
always  full,  while  the  celerity  of  the  stream  is  still 
maintained  or  even  augmented.  The  quantity  of 
discharge  is  likewise  increased  with  the  length  of 
the  pipe,  at  least  to  certain  limits.  Thus,  from  an 
orifice  of  an  inch  diameter,  the  quantity  of  water 
delivered,  in  a  given  time,  through  a  spout  of  an 
inch  long,  is  to  the  expenditure  by  one  of  a  whole 
inch  in  length,  as  6  to  7« 
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If  the  anterior  part  of  the  cyiinder^  which  is  an- 
nexed  to  the  aperture,  be  contracted  in  the  middle, 
80  aa  to  consist  of  two  reversed  frusta  of  a  cone, 
the  dischargef"  of  fluid  will  be  still  exactly  the  same. 
Suppose  (fig.  165.)  AB  and  £F  to  be  each  two 
inches  wide,  the  contraction  CD  1.6  inches,  the 
length  IL  =  S.3  inches,  and  LM  =?  4.1  inches  : 
The  effect  is  found  to  be  the  same  as  if  a  rqpilar 
cylinder  of  six  inches  length  had  been  applied  at 
AB.  But  if  the  simple  tapered  projection  ACDB 
(fig.  166.)  were  affixed,  the  measure  of  discharge 
would  be  diminished  in  the  ratio  of  4  to  3.  Now, 
the  section  CD  being  to  EF  as  (4)*  to  (5)*,  or  as 
l6  to  25,  the  velocity  of  the  stream,  even  at  the 
wider  aperture  of  its  exit,  is  consequently  augment- 
ed in  the  ratio  of  21^  to  25,  or  of  64  to  75.  This 
c6mpound  pipe,  ACE,  FDB,  (fig.  165.)  therefore, 
not  only  accelerates  the  flow  through  its  narrowed 
throat  CD,  but  even  quickens  the  emission  from  the 
wide  orifice  EF. 

When  water  issues  through  a  simple  circular  a- 
perture  in  a  thin  plate,  it  forms  a  contracted  vein,  oi 
a  conical  or  rather  tapering  funnel  shi^e,  its  section 
being  reduced  to  very  liear  five-eighth  parts  at  a  dis- 
tance little  more  than  half  its  diameter.  If  a  tube 
of  this  figure  be  annexed,  the  quantity  of  discbai^e 
will  come  within  the  thirtieth  part  of  the  result  of 
theory,  as  computed  for  the  exterior  aperture.  ^See 
fig.  167)*     But  the  adjutage  being  directed  upwards, 
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the  jet  will  rbe  to  fourteeD^fiifteetith  parts  of  the 
whole  height  of  the  incumbent  column. 

If  to  this  tapered  spout  another  conical  tube  five 
times  longer,  and  opening  to  the  original  width,  be 
joined,  the  discharge  of  water  will  be  augmented 
from  21  to  38  parts.  (See  fig.  168.)  The  effect  of 
the  adjutage  is  now  the  greatest  possible,  the  abso- 
lute flow  from  the  anterior  aperture  being  only  40 
parts  according  to  theory.  This  pipe  widens  at  an 
angle  of  about  three  degrees ;  but  when  the  annex- 
ed piece  divei^s  at  a  greater  angle,  its  influence  be- 
comes diminished,  and  appears  to  cease  altogether  at 
an  angle  of  16  degrees,  as  in  fig.  l69*  The  stream 
has  now  ceased  to  fill  up  the  whole  of  the  cavity, 
and  is  consequently  no  longer  augmented  by  adhe- 
sion to  the  sides  of  the  spout. 

The  lateral  action  of  water  flowing  through  a  pipe 
is  evinced  in  a  more  striking  manner.  Let  ^  cylin- 
der one  inch  wide  and  three  inches  long  be  adapted 
to  an  orifice  at  the  bottom  of  a  cistern ;  and  on  the 
tipper  side,  at  the  distance  of  half  an  inch  from  its 
origin,  let  a  narrow  arched  glass  tube  be  inserted 
and  carried  down  to  a  bason  of  water  three  feet 
lower.  When  the  stream  is  projected  with  a  velo- 
city of  nine  feet  in  a  second,  it  will  draw  up  water 
to  the  hmght  of  two  feet ;  but  if  the  tube  be  short- 
ened within  that  limit,  the  slender  Qolumn  will  mix 
with  the  body  of  the  current,  and  soon  drain  the 
contents  of  the  bason.     When  a  conical  tube,  open- 


'> 
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ing  with  a  considerable  angle  of  divergence,  is  sob-- 
stituted,  a  series  of  slender  glass  tubes  inserted  at 
different  distances  from  the  interior  aperture  will  be 
found  to  raise  the  water  to  several  heights,  which 
diminish  as  the  stream  begins  to  separate  from  the 
sides  of  the  spout. 

This  property  of  running  water  may,  in  various 
situations,  be  turned  to  useful  account.  By  con- 
necting the  edge  of  the  stream,  for  instance,  by 
means  of  a  small  slanting  pipe  with  a  collection  of 
water  at  a  lower  level,  this  will  be  gradually  drawn 
up  and  carried  away  in  the  general  current.  If  a 
swift  descending  rivulet  be  made  to  shoot  across  any 
small  pool,  it  will  sweep  the  water  over  its  opposite 
bank.  Venturi,  to  whom  we  are  chiefly  indebted 
for  these  remailcs,  availed  himself  of  the  rapidity 
and  lateral  draught  of  a  mill-race,  to  drain  a  marsh 
situate  considerably  below  it,  near  the  city  of  Mo- 
dena. 

The  same  principle  is  likewise  the  principal  cause 
of  the  action  of  the  Hungarian  Blowing  Machine, 
which  consists  of  a  very  tall  perpendicular  pipe^  ter- 
minating below  in  a  close  wide  box*  A  stream  of 
water  rushes  down  this  shaft,  drawing  along  with  it 
the  air  which  enters  the  small  holes  pierced  along 
the  sides,  and  becomes  accumulated  and  condensed 
in  the  chamber,  whence  it  again  issues  in  a  powerful 
blast  on  opening  a  cock.  The  blowing  and  disper- 
sion  of  the  spray  on  all  sides  from  water-falls  have  a 
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like  origin.  A  body  of  air  is  involved  in  the  broken 
descending  current :  collected  in  the  recess  or  bro'- 
ken  cavity,  it  exerts  its  elastic  efforts  in  every  direc- 
tion. The  adhesion  of  running  water  to  the  sides 
of  its  channel  is  also  the  main  cause  of  those  eddies, 
which  impede  the  general  motion* 

If  a  fluid  suffers  impediment  while  escaping  at  a 
small  aperture,  it  encounters  much  greater  obstruc- 
tion in  affecting  its  passage  through  a  train  of  piped, 
or  flowing  over  an  extended  channel.  This  retar- 
dation, however,  is  quite  distinct  in  its  nature  from 
ordinary  friction.  When  a  solid  is  drawn  along  the 
surface  of  another  solid  body,  it  is  virtually  made  to 
ascend  over  a  sqpes  of  inclined  planes,  and  conse- 
quently the  impediment  it  meets  with,  may  be  view- 
ed as  merely  equal  to  a  certain  portion  of  its  weight, 
independent  of  the  rapidity  or  slowness  of  the  mo- 
tion. But  a  fluid,  in  its  passage  over  a  resisting  sur- 
face, needs  not  have  its  whole  mass  either  elevated 
or  depressed.  Those  particles  only  which  come  in 
succession  to  touch  the  solid  boundary,  are  impeded 
and  detained*  The  pressure  of  the  incumbent  fluid 
cannot  affect  the  other  particles,  which  are  thence 
urged  equally  in  every  direction.  The  loss  of  im- 
pulse which  a  current  sustains  from  the  attrition  of 
the  'sides  of  a  pipe  or  of  a  canal,  is  occasioned  by  the 
incessant  stoppage  of  the  extreme  particles.  This 
consumption  of  force  must  hence  be  compounded  of 
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the  number  of  particlei  arrested  in  a  given  time  and 
of  their  velocity,  und  is  therefore  proportional  to  the 
square  of  the  velooity.  But  the  retardation  of  the 
current  must  likewise  depend  on  the  extent  of  im- 
peding influence,  that  is,  on  the  length  of  the  pipe^ 
and  on  the  relation  which  the  interior  surface  bears 
to  its  whole  capacity.  But  the  square  of  the  velo- 
city, with  which  the  stream  first  issues  from  the  cis- 
tern, being  proportional  to  the  altitude  of  the  in- 
cumbent column,  a  certain  part  only  of  this  constant 
inciting  force  is  employed  in  generating  the  initial 
velocity,  while  the  rest  is  expended  in  renewing  the 
velocity  as  fast  as  it  expires,  along  the  sides  of  the 
channel,  or  in  maintaining  through  the  mass  a  gene- 
ral uniform  flow. 

It  results  from  some  accurate  experiments  of  Boa- 
sut,  that  water  has  its  celerity  diminished  eight  times, 
by  passing  through  a  tube  of  an  inch  in  diameter 
and  204  feet  long.  Of  sixty-four  parts  of  compres- 
sion, one  part  only  must  therefore  have  created  the 
motion  of  the  fluid,  while  sixty-three  parts  were  re- 
quired to  support  it.  This  motion  is  hence  renewed 
eight  times  during  the .  passage  of  the  water,  or  at 
the  interval  of  every  25  ^  feet  through  the  whole  ex- 
tent. In  each  of  these  successive  transits,  all  the 
central  particles  must  be  thrown  towards  the  sides 
of  the  pipe,  whence  they  are  again  drawn  into  the 
body  of  the  stream,  and  there  acquire  new  celerity. 
The  celerity  is  lost  and  regained  close  to  the  inte- 
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rior  «iHace  within  a  very  small  but  limited  spade. 
Wherefore,  from  the  fundamental  principle  of  dy- 
namics,  the  square  of  the  velocity  acquired^or  extin- 
guished must  be* as  the  produet  of  the  inciting  £mee 
into  the  limit  of  its  action.     The  square  of  the  ve- 
locity hence  suffers  a  diminution  proportioned  to  the 
extait  of  surface  compared  with  the  capacity  of  the 
pipe,  or  it  is  directly  as  the  length,  and  inversely  as 
the  diameter.     But  the  pressure  of  the  water  has  no 
effect  whatever  in  causing  this  reduction.     Thus, 
resuming  the  former  example,  let  the  pipe  of  an  inch 
wide  and  304  feet  long  be  fed  by  a  cistern  of  ten 
inches  altitude,  and  the  qiiantity  of  discharge  noted. 
Raise  this  cistern  now  to  twenty  inches,  and  turn  up, 
by  a  soft  bend,  the  farther  extremity  to  the  height  of 
ten  inches,  and  the  corresponding  flow  will  *be  still 
the  same.  Increase  the  altitude  of  the  cistern  to  one 
hundred  inches,  while  the  remote  end  is  bent  with 
an  elbow  to  the  height  of  ninety  inches,  leaviiig  still 
the  same  excess  or  exciting  force,  and  the  quantity 
of  discharge  will  be  found  not  to  vary. 

Let  V  denote  the  velocity  with  which  water 

^  would  issue  from  a  simple  orifice  near  the  bpttoih  of 

a  oisteni,  and  v  the  reduced. vielocity  in  consequencie 

•of  passing  through  an  extended  horizontal  pipe,  d 

being  the  diamieter  of  the  pipe  and  L  its  length. 

From  what  has  been  shown,  it.foUows  that  v*  =  Y* 

(^l)'*"^  *=^  v/(5^)'  ,  The  deno. 

VOL.  I.  2  c 
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nunator  SOd+h  (rf*  the  redieal fraotion  expretats the 
consuinptioii  of  the  presiupe  or  inciting  force,  the 
part  sod  indicating  the  length  of  trade  which  cor- 
responds to  the  initial  velocity.  The  abaoiiite  waste 
of  finch  force  follows  the  measure  of  internal  snrfaceiy 
while  the  qaantity  of  impulse  must  depend  on  the 
charge  of  the  pipe  ;  and  henc^  the  niMire  influence 

will  be  computed  as  Trf(5Cfe?+L)  to  7. rf,  that  is,  as 

(SOd-j-JJ)  to  ^t  and  is  therefore  expressed  generally 

y  50d+L 
Since  H  denotiiig  th»  Jhe^ht  of  the  cvJtern,  tiw 
primaiy  velocity  of  pnQ«clioii  is  equal  to  S^H,  or 

V»  =  64H  ;  whence  v*  =  64H  f  >-.     y  j  = 

/  soda  N       J       o   ,/^OrfH  X       „ 
(,505hFlJ' *"^  *'= V(5o5^>      Suppose 

this  pipe  were  curtailed  to  a  mere  adjutage,  then  v^m^ 

SOU 
64.  -z?r-  =  64H.     This  coefficient  64  might,  there- 
SO 

foTCf  be  adapted  to  the  formida ;  or,  if  some  allow- 
ance were  made  for  the  unavoidahle  expeaae  of  fmoe 
in  the  transition  of  the  water  fnm  tfce  oiatam  to 
the  pipe,  4^e  round  number  50  nmy  be  preforred. 
The  modified  expression  for  the  Telocity  of  the  final 

dEL 

discharge  will  then  become  50^  "^y ,  which  a- 

grees  well  with  observation.     In  very  long  p^pfif 


64 
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the  firs*  pwt  of  the  denominMor  may  be  omitted, 
and  the  expression  for  the  fimil  velodty  will  be 

rfH 

simply  50^-y—.     It  may  hence  be  sufficiently  ac- 
curate in  most  eases  to  assume  that  V*  is  to  v*^  aa 

/itr 

64H  to  2500.^,  or  as  64L  to  2500d  ;  and  sup- 

posing  the  coefficient  64  to  be'  reduced  to  ^0  in 
the  act  of  entering  the  train  of  pipes,  then  will 

»*= V* .  -J-,  and  v=V^  -y^*     Wherefore,  of  the 

altitude  H  of  the  incumbent  column,   the  part 

50d 
H.-Y—  only  is  exerted  in  creating  the  flow  of  the 


water,  the  remainder  of  the  inciting  force  being 
wholly  consumed  in  overcoming  the  obstruction  the 
current  meets  with  along  the  internal  surfuce*  Evety 
length  of  tube  amounting  to  fifty  times  its  diameter, 
thus  occasions  a  waste  of  yower  equal  to  that  which 
produced  the  general  impulsion. 

Let  AB  (fig.  166.)  represent  the  altitude  of  the 
cistern,  of  which  the  small  part  AC  causes  the  pri- 
mary motion  of  the  water,  and  the  remainder  CB 
maintahis  its  lateral  attrition  through  the  extended 
horizontal  pipe  BOD.  It  is  evident,  that  if  an  incli- 
ned pipe  CD  were  substituted  for  BD,  the  length 
#ould  not  be  senaSbly  increased,  while  the  inciting 
fbtc^^Tiy  now  diffiiied,  will  exert  still  the  same  ac- 
tion as  before.     iThe  velocity  which  the  fluid  must 

2  c  2 
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acquire  in  its  gradual  desorat  along  CD  is  hence 
equal  to  what  it  receives  from  the  constant  pressure 
during  a  horizontal  progress.  If  the  train  of  pipes  be 
sufficiently  prolonged,  the  points  C  and  A  may  be 
viewed  as  coincident,  and  the  angle  ADB  consider- 
ed as  the  slope  of  uniform  flow.  Su{^>ose  the  decli- 
vity from  A  to  D  to  be  the  n!^  part  of  the  distance ; 

then  L  =  »  H  and  ^  =  50^/  -fv  =  50^  -.     The 

celerity  of  the  flow  thus  depends  as  much  on  the 

width  of  the  pipe  as  on  the  rate  of  its  descent.     Let 

50 
n=:1000,  and  v  will  be  TrrTy  \/  d.      With   such   a 

81.0  ^ 

gentle  slope,  therefore,  it  would  require  ^  pipe  of 
1.582  of  a  foot  in  diameter,  to  give  the  flow  of  a 
single  foot  each  aecond ;  and  a  pipe  of  one  foot  wide 
would  discharge  only  1*243  cubic  feet  of  water  in  the 
same  time. 

Conceive  a  rectangular  channel* to  have  a  section 
equal  to  the  circle  of  the  pipe,  while  its  bottom  and 
sides  are  equal  to  the  circumference  \  the  retarda- 
tion which  this  would  occasion  to  the  current  must 
evidently  be  the  same.  Hence,  the  fourth  part  of 
the  diameter  will  be  equal  to  the  quotient  of  the  sec- 
tion by  the  compound  measure  of  its  bottom  and 
sides,  which  is  called  the  mean  hydraulic  depth. 
This  depth  being  denoted  by  a,  therefore  4a=d', 

and  by  substitution  »  =  50  kJ~t —  —  100  v- 
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Hence  much  less  obstruction  is  encountered  along 
an  open  canal  than  within  a  close  pipe.  Let,  as  be* 
fore,  the  slope  be  the  n^  part  of  the  distance  i  then 

v=100v -.     If  n  =  1000,  the  expression  will  be- 
n 

couijB  V  =  lOOv/j^  =  s^lOa  =  3.1623  ^a. 

In  these  estimates  of  the  velocity  and  discharge  of 
water  through  pipes  and  conduits,  the  inside  is  pre- 
sumed to  be  smooth,  the  width  uniform,  and  every 
sudden  betiding  avoided.  The  want  of  evenness  of 
surface  impedes  the  motion  of  the  fluid,  which  is  far* 
ther  obstructed  by  any  violent  change  of  celerity  or 
direction.  Whether  the  channel  be  contracted  or 
enlarged,  the  change  is  unavoidably  attended  by  a 
proportional  loss  of  impulsion.  Any  sharp  flexure 
of  the  pipe  or  conduit  will  occasion  a  still  greater 
waste  of  the  inciting  force.  The  diminution  of  the 
square  of  the  veflocity  is  expressed  by  the  product  of 
that  square  into  the  square  of  the  sine  of  the  angle 
of  deflexion,  divided  by  the  constant  number  27O. 
With  a  deflexion  of  30  degrees,  the  velocity  would 
therefore  lose  only  the  2l60th  part }  but  if  the  tube 
branched  off  at  right  angles,  the  retardation  would 
amount  to  the  540th  part.  Every  contraction  or 
enlargement  of  the  pipes,  requiring  a  corresponding ' 
change  in  the  cdierity  of  the  water,  must  l&ewise 
create  an  expense  of  force,  though  this  effect  could 
scarcely  be  reduced  to  calculation. 
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Water  is  subfect  in  its  motion  through  pipes  to 
another  impediment,  owing  to  the  air  which  c(hi- 
stantly  separates  from  it  and  coUeets  in  all  the  upper 
sinuosities  of  the  train.  This  accumulation  is  most 
copious,  whenever  the  supply  of  water  happens  to  be 
insufficient  to  fill  the  whole  extent  of  cavity.  To 
remedy  the  defect,  boxes  of  ca«t-*iron  are  fixed  above 
the  principal  incurvations  of  the  ptpe^  to  receive  the 
Gon^pressed  air,  and  by  the  operation  of  a  valve  or  of 
a  cock,  gradually  to  discharge  it,  without  allowing 
any  of  the  water  to  escape*  Of  such*  air-veasels, 
with  a  cylindrioal  form,  four  f^t  high,  and  eighteen 
inches  wide,  fourteen  have  bera  made,  for  the  pipes 
which  are  to  supply  Edinburgh*  (iSee  fig.  1&70 
These  being  screwed  at  the  summit  of  eadi  declivity, 
will  be  opened,  every  two  or  three  days,  by  the  sur^ 
veyorofthewerkik    ,. 

It  must  be  obserred,  that  the  cAMsion  of  fluids 
from  a  very  mimite  oiifiee^  or  through  a  capiUary 
tube^  ia  not  xeduiaible  to  the  foregoing  principles. 
The  obfltructian  ia  then  preportioiiAUy  bx  greater } 
but  the  peculiar  quality  and  eondition  of  the  fluid 
materially  derange  the  whole  result.  The  internal 
motions  of  the  particles  of  aay  liquid*  which  in  this 
case  mainly  determme  its  fiow»  are  e9:tremely  re- 
tarded by  my  tendaftcy  to  a  viscuous  state.  Heat, 
therefore,  as  it  brings  them  w»nt  to  the  oonditkn' 
of  perfect  fluidity,  pMmotea  greatly  the  celerity  of 
their  course.     Thus^  pure  water  nesr.tl^  boiling 
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point  is  found  to  run  about  five  times  faster  than  at 
the  verge  of  freezing.  Alcohol,  again,  has  its  con- 
stitution so  much  altered  by  the  rise  of  only  124^ 
of  temperature,  as  to  flow  six  times  quicker  than 
before.  Quicksilver  is  indeed  less  affected  in  this 
way ;  but  it  endures  heat  through  a  far  wider  range. 

To  supply  the  inhabitants  of  great  cities,  water  is 
often  coDveyed  from  distant  but  high-seated  springs, 
by  a  \(mg  train  of  pipes.     Th^  velocity  of  the  flow 

wbeoef  the  quangtity  of  water  delivei*ed  every  mi* 

nute  is  SSSed"/  ^  cubic  feet,  or  jZ856  rf*  /  i. 

Let .  w  denote  the  altitude  of  the  source  above  the 
iseseirVdr  in  huvidredth  purts  of  the  whole  distance, 
a]i4  th(d  discharge  of  whter  in  a  minute  will  be  ex- 

jMiessed  by  SS^6  ^  ^  ffiw 


•  J 


Suppdse  a  ']f>ipe  were  composed  of  two  portions  ha^ 
ving  diffarefM  widths.  Let  the  length  and  diimeter 
of  the  finrt  part,  and  ^e  Height  and  velocity  of  the 
contained  water,  bendenoted  by  /,  d,  h  and  v  /  while 
tfaeMtneMHtes  in  the  seoond  part  are  r^resented  by 
etipitals.  The  whole  accelerating  force  \&  thereto 
!=^Atf^4Hiy,  and  the  retardation  c^cft^^rf  LDV' ; 

whence,  by  substituting  V*,--^  for  v*,    we  have 
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/.^.V'  +  LD.V»  :=hd*  +  HDs  and  V*  = 
/D'+LDrf '  °"  ^  =  ^"^(  /D+Lrf  •  D  ^      ^* 

quantity  of  water  delivered  in  a  minute  is  therefore 

The  former  supply  of  Edinbui^  was  broi^fat  by 
two  trains  of  cast-iron  pipes ;  one  from  Green  Craig 
to  the  Castle  Hill,  26,930  feet  long,  and  7  inches 
in  diameter,  under  a  head  pressure  of  404  feet ;  the 
other  from  Comiston  to  Heriof  s  Reservoir,  13,590 
feet  long,  and  5  inches  wide,  qnder  a  load  of  88 
feet.  The  first,  when  fully  charged,  is  found  to  de* 
liter  46,  and  the  second  only  10  cubic  feet, 'every 
miniite,  •  making  together  56  feet,  which  furnishes  a 
supply  of  80,640  cubic  feet  in  the  space  of  twenty- 
four  hours.  This  amounts  to  scarody  three-fifkh 
parts  of  the  quantity  assigned  by  the  formula.  The 
d^ficicincy  must  be  attrfl>uted  wholly;  to  the  isipv- 
feet  execution  of  those  pipes,  their  unevea  interior 
surface,  and  their  frequent  abrupt  and  sudden  bend- 
iogit. 

The  water-works  lately  design^d  for  the  coviplete 
supply  of  Edinburgh,  were  .conducted  in  a  much 
finc^  style,  but  at  vast  expense.  The  sev/nad  pieces 
of  pipe  were  nicely  fitted  together  by  spiggot  and 
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faucet,  all  the  accidental  promin^ices  alimg  the  in- 
gide  being  carefully  removed  by ;  chiseling.  The 
pipes  showed  no  visible  incurvation,,  and  were  gene- 
ndly  laid  witib  a  gentle  regular  slope,  the  ground 
on  which  diey  rest  being  lowered  in  somQ  places 
and  raised  in  others;  From  the  Crawley  faring  to 
Straiten  March  Fence,  the  distance  is  18,800  feet, 
with  a  fall  of  65  feet ;  and,  in  this  line,  the  pipes 
vtty  from  SO  to  18  inches  in  diameter ;  their  great 
width  being  intended  tomeet  the  exigency  of  having 
lateral  branches  extending  to  other  remote  springs 
on  the  north  side  of  the  Pentlands,  as  the  increase  of 
po^lation  may  afterwards  require.  The  next  train 
has  a  diameter  of  only  15  inches  diameter,  but  runs, 
with  a  fall  of  S86  feet,  through  an  extent  of  ^,900 
feet,  being  conducted  by  a  tunnisl  of  360  fkthoms 
kragtik  through  Heriot's  Ridge,  and  by  anoth^  of 
S90  fathoms  through  the  Castle  Hill,  Idll  it  reaches 
the  level  of  Prince's  Street  It  may  be  computed, 
that  the  first  train  ishduld  deliver  442.93  cubic  feet, 
and  the  second  416.7U  or  the  compound  system 
4fM.31  every  minute.  Their  disehai^,  however, 
hhs  not  yet  exceeded  300  cubii;  &et  in  a  minute 
though,  no  dOubi,  they  could  easily  convey  one- 
third  more.  * 

<  li  has  been  computed  that,  the  quantity  of  rain 
which  fidls  annually  over  any  city,  if  carefully  col- 
lected and  deposited  to  purify  in  cisterns,  would  be 
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sufficient  for  the  supply  of  tlie  inlnibitaiits^  at  Utiat 
in  all  the  essential  domestic  and  culinary:  puiposes. 
Venice  has  abondance  of  fine  soft  water  proomred  in 
this  way  ;  and  the  store  seldom  fails,  except  in  dry 
seasons,  when  it  is  recruited  from  the  river  Bi!«nta« 
The  roof  oi  a  lofty  house  at  Paris,  oontaining  at  an 
ami9Eige  25  lodgers^  might  deliver  atinualiy  1800  ctt- 
faic  feet  of  rain-water,  which  wonM  ftiniish  each  in* 
dividual  daily  the  fifth  part  of  a  cuhic  fi>ot,  or  about 
Uiirteen  poimds  averdupois,-~raither  a  scanty  provi- 
sion, to  be  sore,  according  to  our  modem  ideas  of 
comfort ;  yet  Prony  reckons  ten  Uire^f  or  the  thou, 
sandth  part  of  his  modulus,  as  a  sufficient  aupply, 
amounting  only  to  about  twenty-two  pounds* 

Since,  horn  a  pipe  of  the  saone  diameter,  the  dia* 
charge  in  every  case  dependi^  on  the  rdation  of  the 
altitude  of  die  source  to  the  length  of  track,  a  lower 
^letuleMS  may  frequently  be  preferrol  in  coiyuuction 
witik  a  shorter  train.  The  diminished  obstructum, 
in  such  instances,  compensates  for  the  infi^rior  prea- 
sane.  From  any  point  of  an  inclined  plane,  the  pipe 
would  convey  eicactly  an  equd  body  of  water*  In 
<iie  same  train,  the  quantity  of  ditehai^^  being  as 
£?|,  must  increase  in  a  faster  ratio  than  the  mere  sec- 
tion of  the  pipe.  Hence  the  manifest  advantage  of 
'CMpldying  laiigs  pipes.  Fov  die  isame  reason^  a^ue- 
dncts^  or  open  conduits  are  in  many  situations  to  be 
preibrred.     When  these  convey  large  streams  of  wa- 
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ter,  the  attrition  o£  the  sides  and  bottom  is  oompa^ 
rstivdy  matl^  and  they  require  very  little  descent* 
Such  durable  structures  are  common  in  the  South  of 
Europe,  and  often  display  much  architectural  sym* 
metry  in  their  extaided  and  imposing  ranges  of  ar- 
cades. 

It  is  a  very  prevailing  opitiioii,  that  the  Bomans» 
amidst  all  their^  mi^puficaice»  were  ignorant  of  the 
simfdesi  elements  of  Hydrostatics,  and  therefore  en- 
tirely mtacquainted  with  the  method  of  conducting 
and  raising  water  by  a  train  of  pipes.  Nothing, 
however,  can  be  worse  founded  than  this  notion. 
The  anoiwt  writers,  who  either  treat  of  the  subject* 
or  incidentaUy  meotitm  in^  are  olear  and  explicit  in 
their  remarks^  while  many  vestiges  of  art  still  attest 
the  accuiaey  of  those  ^statements*  Pliny,  the  natu* 
ral  hittorian,  lays  down  the  main  principle^  thai 
*<  water  will  invariably  rise  to  the  h^ht  of  its 
«<  sonrce :''  Subit  uUitudinem  ewntm  sui^  Ho 
subjoins^  that  leaden  pipea  must  be  employed^  to 
Qury  watar  up  to  an  eminence  *•  Paliadius,  in  hia 
treatise  JOe  Be  Muiticc^  teaches  how  to  find  springs^ 
by  observing  immediately  before  sunrise  in  the  month 
of  Aiignst,  the  vapowa  whieh'  hoirar  dbove  parliouhir 
spots ;  and  having  there  dug  a'^),  he  diiieets  the 
water  to  be  conducted  to  the  farm  or  villa,  either  by 
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a  channel  construeted  of  masonry,  or  by  means  of 
pipes  of  lead,  of  woocl,  or  even  of  earthenware  *. 
He  allows  one  foot  in  sixty,  or  in  a  hundred,  for  an 
uniform  descent.  But  if  the  ground  should  after- 
wards rise,  he  says  the  conduit  must  be  supported 
on  piles  or  arches,  or  the  water  must  be  inclosed  in 
leaden  pipes,  when  it  will  mount  just  to  the  level  of 
its  headt.  But  Palladius  testifies  his  aversion  to 
the  use  of  lead,  as  apt  to  become  covered  with  ce^ 
russ,  and  thereby  rendered  unwholesome,  or  even 
poisonous.  This  consideration  had  no  doubt  served 
to  restrain  the  general  adoption  of  leaden  pipes  a- 
mong  the  Romans.  Still,  however,  we  may  infer, 
from  the  allusions  of  the  Poets,  that  such  pipes  had 
come  into  very  common  use.  They  were  not  cast 
tubular  as  at  present,  but  consisted  of  thin  plates 
bent  up  into  the  form  of  a  cylinder,  and  soldered 
along  the  edge.  They  must  frequently  liave  given 
way,  ther^ore,  at  this  seam.  Horace  asks,  if  the 
water  which  threatens  in  the  streets  to  burst  its 
had,  be  purer  than  the  rivulet  that  trembles  and 
murmurs  as  it  flows  4^  ?   Ovid  compares  the  gush  of 

#  Com  rBto  dneenda  6st  aqua,  duchar  ant  focma  straelili,  aal 
caaalilnis  Ugnday  aut  fidalUras  tabistp— Pali.ad.  is.  11. 

f  Sed  si  ae  Tallia  intenerat,  erectSB  pilai  Tel  aicas  aaqoe  ad 
aqiUB  justa  vestigia  oonstruemiiSy  aat  plnmbeis  fistiilia  daasmn  de- 
jid  patiemury  et  explicata  TsDe  oonsorgere.— Ibidem. 
^  Porior  in  yids  aqua  tendit  mmpere  plnmbmn, 
Qaam  qoa  per  pronam  trepidal  com  mammre  riTiuD  ? 

Epist.  L  X.  20. 
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Mood  from  the  mortal  wound  which  Pyramufl,  in 
the  agony  of  despair^  had  inflicted  upon  hunself^  to 
the  accidental  rupture  of  a  leaden^pipe  *•  Statiua 
speaks,  no  doubt  with  poetical  exaggeration,  of  whole 
rivers  being  discharged  by  such  conduits  t.  Vitru« 
▼itts  describes  the  three  principal  modes  of  conyeying 
water ;  but  directs,  as  the  -  previous  operation,  to 
tiftce  a  level  (lUfratnentum)  on  the  ground.  This 
lAnOwn  was  performed,  by  the  dkptron^  the  icofer- 
feoe^  or  the  ohorobaUs.  The  dioptron  seems  to 
rhave  been  a  sort  of  quadrant  fitted  with  sights  ;  the 
waterJevel  consisted  of  a  tube,  probably  of  copper, 
five  feet  long  and  an  inch  wide,  turned  up  an  inch 
and  half  at  both  ends,  and  was  adjusted  till  water 
rose  equally  in  them ;  the  chorobates,  or  perambula- 
tor, which  he  considered  as  the  most  accurate  instru- 

*  Non  aliter,  quam  cam  vitiato  fistuUi  plumbo 
Scinditur,  et  tenues  stridente  foramine  loBge 
Ejacnlatiir  aquaa,  atque  ictibua  aiSra  rnmpit. 

Mbtam.  It.  120* 
Tbua  trsaslated : 
Aa  oot  again  the  blade  he,  dying,  drew, 
Oat  spun  the  blood,  and  itreaming  upwards  flew ; 
So  if  a  condait*pipe  e*er  bunt  you  saw, 
Swift  spring  the  guaUng  walen  tbrongh  the  flaw; 
Thenqpouting  in  a  bow  they  rise  on  high, , 
And  a  new  fnmlam  pkya  amid  the  sky. 

f  Terqoe  per  obliqunm  penitos  qoaB  laberis  aninem 
Martia,  et  andaci  tnoiflcairiB  flumina  plnmbo. 

STATIU89 1*  Stlv. 


414  BLBlttNTS  09^ 

menfct  WIS  domposad  of  «  rod  twenty  ftet  iang,  W 
ving  a  square  and  plummet  attached  at  eack  extfe* 
mity.  VitniTius  allows  only  half  a  foot  iu  the  hiin- 
dred»  for  the  slope  of  aa  aqueduot*  After  the  wateo: 
had  reach^  the  walls  of  a  city»  it  was  adoukted  into 
a  reservoir  or  OMfefikim,  divided  into  three  distitttt 
and  equal  conqHurtments^  one  to  fieed  the  pools  and 
fimntainsy  another  to  supply  the  public  baths,  and  a 
third  for  the  aooosnnodation  of  pabees  and  pn««>e 
houses.  The  distribution  oi  the  water  was  effeeled 
eommoniy  by  means  of  leaden  pipes.  The  smaliaat 
of  diese  was  called  a  demaria,  being  ten  feet  in 
length,  the  sixteenth  part  of  this  in  breadth  or  girth, 
and  weighing  IM  Roman  pounds.  Tliis  gtres,  fmt 
die  thickness  of  the  lead,  exactly  the  quarter  of  an 
English  inch»  In  lower  situations,  where  the  stress 
against  the  sides  was  greater,  the  pipes  appear  to 
have  been  made  proportionally  stronger  *. 

*  Ih  the  Fhyaical  Cabinet  of  the  Univenity  of  £dinbiugfa>  10 
now  deponted  a  specimen  of  ancknt  liadflB  pipe^  lately  brought  from 
Rome,  where  it  had  been  dug  up  among  the  rainftof  the  Palace  of 
the  Cnaars.  It  beara  an  iaocription  in  niaed  letteia*  intimating 
the  name  of  the  plumber,  and  the  year  of  the  reign  of  the  Empe- 
ror Domitna.  Though  ealy  16  iadwa  keg  and  0^  ia  gkth,  it 
woghs  22i  Iba.  avwdttpna;  ao  thai  the  lead  maM  be  norfoieariy 
half  an  indi  thick.  11»  pipe  ia  aligMy  oarPidl  aad  reda^  form* 
ad  into  merely  a  flattened  oval,  2^  inches  broad,  and  1^  wide ;  the 
joming  at  the  edge  bemg  ffled  by  a  qoan^  of  melted  solder  ran 
along  both  inside  and  outside.  The  section  eMrosponds  4o  a  cir- 
cidir  oHflee  of  1|  hiches  in  diameter. 
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The  ipumtiitf  of  w«ter  ddiveced  finm  the  drteiiti 
IMS  r^pibted  by  the  dimennoas  of  the  spouts^  temn 
ed caikee.  These  fpqned aserieaof  twenty-^five  di£* 
fer^ttt  kindsy  which  served  ae  nwduK.  Thdir  dia^ 
aseters  were  sometiiMes  reckoned  by  ounces,  m  the 
twelfth  parts  of  a  Roman  foot,  but  more  comatoiiljir 
by  quarter  djgits»  or  the  sucty^fburth  part  of  a  loot. 
The  qi^tnario'  seems  to  have  been  oonsideted  as  the 
standardt  asid  ito  width  must  have  hence  correspand* 
ed  to  the  .906  part  of  an  English  inch.  •  The  ad|u* 
t$ge  m  length  of  all  those  spouts  wap  tfae-eaaoe,  ht* 
mg  twehre  digits,  or  three-foorths  of  a:  R^man  ftoti 
and  therefcve  equal  to  8.7  English  ^ndies.  Frony 
e^mjeetoreSy  ftmn  rery  probable  gf  ounds,  that  such 
was  also  the  altitude  of  column  ^f  pressure  aborre  the 
middle  -of  eadi  orifioe*  This  estimate  gives  1979 
etd>ie  feet,  fyv  theqwnrtity  of  discharge  of  a  demaria^ 
iiithe«p«jeoftwi,*y4b«rhow«. 

Leaden  pipes  were  likewise  employed,  to  carry 
water  across  vales  and  other  eminences.  But  it  be- 
hoved to  ereet,  at  the  several  incurvations,  coAmhiks- 
Ha,  or  chimneys,  to  give  vent  to  the  air  which  might 
collect  and  gorge  up  the  passage  of  the  water*  Such 
funnels  required  to  be  raised  to  near  the  height  of 
the  fountain-head. 

Vitrnvius,  however,  joms  with  Balladius  and 
Columella,  in  recommending  pipes  of  earthenware,  as 
not  only  cheaper,  but  more  wholesome  than  those  of 
lead.    They  could  be  formed  thidser  if  necessary. 


416  ELBMSMTS  OP 

and  might  be  fiuther  strengthened  and  seciirady  they 
saidy  by  an  outer  coating  of  lime  worked  up  with 
oil.  But  such  pipes,  not  being  glazed,  it  became  ne- 
cessary, before  using  them,  to  fill  up  the  pwes  by  % 
sort  of  puddlinfff  that  is,  to  wash  their  inside  with 

/atnUch  or  fine  wood-ashes. 

No  wonder,  therefore,  that  leaden  pipes  w^:e  held 
in  little  estimation  among  the  ancient  Romans,  They 
seem  to  have  been  seldom  used  indeed  beyond  the 
limits  of  the  imperial  city;  except  as  auxiliariies  in 
the  smaller  aqueducts.  When  such  conduits  hap* 
pened  to  be  interrupted  by  a  deep  narrow  Tale,  in*f 
stead  of  joining  them  by  an  arch  thrown  over  the 
gi^,  the  connexion  was  sometimes  formed  by  an  in* 
verted  syphon  of  lead,  carried  on  the  one  ;side  down 
to  the  bottom,  and  brought  up  on  the  other^. 

Rome  was  supplied  by  nine  great  aqueducts,  ac* 
cording  to  Frontinus,  who  had  hew  appointed  cu* 
rator  of  those  magnificent  works  by  the  Emperor 
Nerva.  He  added  five  more ;  and  the  number  was 
afterwards  augmented,  by  successive  emperors,  to 
twenty.  Of  these,  the  most  remarkable  were,  I » The 
JAqua  jAppiaj  so  named  from  its  having  been  conr 

^  structed  by  the  Censor  Appius  Claudius  in  the  442d 
year  of  Rome,  began  between  the  6th  and  Stjbi  mile- 
irtone,  made  ja  circuit  of  880  paces,  and  then  proceed- 
ed by  .a  deep  subterranean  drain  of  more  than  11 
jniles,  delivering  the  main  body  of  its  water,  in  the 
,Campus  Martins.     S.  The  Old  at^d  New  A^io^  con- 
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duits  80  called  from  their  bringing  into  Rome  the 
waters  of  that  river.  The  former  b^an  above  the 
Tiber  at  the  30th  mile-stone,  and  consisted  mostly 
of  a  winding  drain  carried  through  an  extent  of 
about  43  miles.  The  latter,  constructed  under  Nero, 
took  a  higher  level,  running  7>^43  paces  above 
ground,  and  then  pursuing  a  subterranean  passage 
of  54<,267  paces  in  length.  3.  The  Aqtui  Martia, 
which  owed  it^  erection  to  Quintus  Martins,  rose 
from  a  spring,  distant  33  miles  from  Rome,  made  a 
circuit  of  3  miles,  and  afterwards,  forming  a  vault  of 
16  feet  diameter,  it  ran  38  miles  along  a  series  of 
arcades  at  the  elevation  of  70  feet.  It  had  vents 
perforated  at  certain  intervals,  for  disgorging  the 
collected  air ;  and  the  conduit  was  occasionally  in^ 
temipted  by  deep  cisterns,  in  which  the  water  set- 
tled and  deposited  its  sediment.  It  was  hence  re* 
markable  for  its  clear  green  colour  *.  Tlie  AgtM 
Julia  and  the  Aqua  Tepula  were  brought  by  the 
same  aqueduct,  only  in  two  lower  conduits.  4.  The 
Aqua  Virginia^  conducted  by  Agrippa,  the  patrio- 
tic lieutenant  of  Augustus,  who  laboured  to  improve 
and  beautify  Rome,  and  who,  according  to  Pliny,  con- 
structed in  one  year  70  pools,  105  fountains,  and  130 
reservoirs.     It  commenced  at  a  very  copious  spring, 

*  Pliny  celebrates  particularly  the  coolness  and  salubrity  of  this 
water.  ^'  Clarissima  aquarum  omnium  in  toto  orbe  frigoris  sain* 
**  britatisqne  palma  prasconio  urbis,  Martia  est  reliqua  deum  mu« 
'<  nere  urbi  tributa,"  S(c.     Lib.  zxx.  3. 

VOL.  I.  2d 
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in  the  midst  of  a  marsh,  at  the  distance  of  B  miles 
from  the  city,  and  ran  about  12  miles,  passing  through 
a  tuimel  of  800  paces  in  length.  5.  The  Aqua 
Claudia^  begun  by  Nero  and  completed  by  Claudius, 
took  its  rise.  38  miles  from  Rome  ;  it  formed  a  sub- 
terranean  stream  36^  miles  in  length,  run  lOf  miles 
along  the  surface  of  the  ground,  was  vaulted  for  the 
space  of  3  miles,  and  supported  on  arcades  through 
the  extent  of  7  miles,  being  carried  along  so  high  a 
level  as  to  supply  all  the  hills  of  Rome.  It  was 
built  of  hewn  stone,  and  still  continues  to  furnish 
the  modem  city  with  water  of  the  best  quality,  which 
has  hence  procured  it  the  name  of  Ac^pia  FeHoe. 

The  practice  of  tunnelling  was  begun  under 
Augustus,  who  greatly  extended  the  aqueducts* 
Other  emperors  likewise  directed  their  attention  to 
that  important  objectt  Trajan  showed  particular  soli- 
citude  in  improving  the  aqueducts.  Those  works  were 
executed  in  the  boldest  manner ;  nothing  could  re- 
sist the  skill  and  enterprise  of  the  Romans ;  they 
drained  whole  lakes,  drove  mines  through  mountains, 
and  raised  up  the  level  of  valleys  by  rows  of  accumula- 
ted arcades.  The  water  was  kept  cool  by  covering  it 
with  vaults,  which  were  often  so  spacious,  that,  accord- 
ing to  Procopius,  who  wrote  in  the  time  of  Belisarius, 
a  man  on  horseback  might  ride  through  them.  So 
abundant  indeed  was  the  supply,  as  to  induce  Strabo 
to  say,  that  whole  rivers  flowed  through  the  streets 
of  Rome.     Contemplating  the  utility,  the  extent, 
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and  gmdeur  of  those  aqueductSi  Pliny  juaUjr  cegavd- 
ed  them  as  the  w<mder  of  the  world  *•  'Ilie  aune 
admiration  is  expressed  by  the  poet  Rutiliw  ti 

According  to  the  enumeration  of  FrontiniiSf.  the 
nine  earlier  aqueducts  defirered  every  day  I4f»0l8 
quinaria.  Tfais  corresponds  to  £7>740^1OO  m\fk 
feet.  We  may  therefore  extend  the  supply^  when 
all  the  aqueducts  were  in  aot]on»  to  die  enormous 
quantity  of50»000,000  cubic  feet  of  water..  Beekon-^ 
ing  the  population  of  ancient  Rome  at  a  milUon» 
which  it  probably  never  exceeded,  this  would  furnish 
no  less  than  fifty  cubic  feet»  for  the  daily  conaump-- 
tion  of  each  h 


In  modem  Rome,  thr^e  aqueducts,  the  Acgna 
FeUcCf  Juliana  and  Paulina^  with  sraie  additional 
sources,  deliver  in  twenty*four  hours,  according  to 
the  calculation  of  Frony,  X»,S05,000  cubic  feet;  This, 
shared  among  a  population  of  130,000,  gives  about 

*  Si  ^is  diligentiiu  mrtiiiiaTerit  aqwinuii  abnndaatiam  in  Pnb- 
lico^  fiabeisy  Pisciiiisy  Domibns,  Enripis^  Hortis  sabnrlMinisy  Villis, 
spatioque  adyenientes,  exBtruetOB  arcnsy  monies  perfossoe,  gob- 
▼alies  sqiiatas ;  fiilebitv,  nihil  magis  minoidwii  hime  in  toto  oiber 
tenmin*  Puk.  xsxri*  15» ' 

f  Quid  loqnar  aerio  pendente  fomice  rivosy 
Qua  tIx  imbriferas  tollere  Iria  aquas, 
Hoe  potins  dicas  Greviase  in  ridera  montes : 
Tale  Gigaateun  Gneda  hnidal  opus. 

RuTUrius  IN  Itik. 
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forty  cubic  fiset  for  each  individual,  being  nearly  the 
same  comparative  aupply  as  in  the  period  of  Roman 
splendour. 

Such  profusion  of  water  altogether  transcends  our 
conceptions.  The  supply  of  London  in  the  year 
1790  was  only  2,636,560  cubic  feet  daily ;  but  late- 
ly, when  the  rivalship  of  the  several  water-companies 
dimost  deluged  the  streets,  it  amounted  to  8,888,000 
cubic  feet.  It  has  again,  by  the  mutual  understand- 
ing of  those  associations,  been  reduced  to  about  three 
millions  of  cubic  feet ;  and  this  quantity  may  be 
sufficient  for  all  the  wants  of  a  luxurious  mass  of 
inhabitants,  equal  certainly  to  the  population  of  an- 
cient Rome,  where  the  consumption,  however,  was 
still  sixteen  times  greater.  How  paltry  then  appears 
the  actual  supply  of  Paris,  amounting  only  to  S9S,600 
cubic  feet  of  water  in  a  day !  It  affords  scarcely  half 
.  a  cubic  foot,  or  thirty  pounds  averdupois,  to  each  in- 
habitant, in  a  population  of  upwards  of  600,000. 

The  Greeks  of  the  Lower  Empire  had  simplified 
'the  general  mode  of  conducting  water.  This  ap- 
pears evident  from  the  practice  which  now  prevails 
in  supplying  the  city  of  Constantinople*  The  ground 
is  levelled  by  means  of  the  Terazi^  a  soit  of  invert- 
ed mason's  plummet,  which  hangs  from  the  middle 
of  a  cord  stretched  between  two  rods  divided  into 
inches  and  parts,  set  upright  and  removed  succes- 
sively from  one  station  to  another.  But  the  chief 
improvement  consists  in  substituting,  for  the  cdum- 
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naria  of  the  Romans,  the  Souterazi  or  tiwrfer- 
balance,  a  sort  of  hydraulic  obelisk  or  pyramid*  By  > 
this  ingenious  contrivance^  the  expense  of  aqueducts 
is  reduced  to  a  fifth  part.  The  water  runs  down^ 
with  a  gentle  slope  in  covered  drains,  till  it  reaches 
an  obelisk  constructed  of  masonry ;  and  rising  up 
the  one  side,  by  a  narrow  channel,  discharges  itself 
into  a  basin  at  the  top,  from  which  again,  at  a  level 
only  8  inches  lower,  it  descends  by  a  similar  chan- 
nel on  the  other  side.  The  form  of  this  hydraulic, 
pyramid  is  shown  in  fig.  172,  and  the  upper  part  of 
it  is  enlai^ed  in  fig.  173.  Such  auxiliary  machines, 
which  facilitate  the  escape  of  the  air  and  allow  the. 
water  to  settle,  are  commonly  erected  at  distances  of 
about  two  hundred  yards.  The  system  is  in  fact 
only  a  repetition  of  conduits.  From  each  separate 
basin,  the  water  is  distributed,  by  orifices  of  diflferent 
diameters,  but  having  their  centres  all  in  the  same 
horizontal  line^  three  inches  beneath  the  brim. 

The  charge  of  the  water-works  at  Constantinople 
is  entrusted  to  a  body  of  300  Turks  and  IQO  Alba- 
nese  Greeks,  who  form  almost  an  hereditary  profes- 
sion.  According  to  the  interesting  work  of  General 
Andreossy  on  the  Bosphorus,  the  whole  supply 
of  a  population  of  600,000  is  only  two-thirds  of  a 
cubic  foot,  or  about  forty  pounds  of  water  every  day. 
There  .still  remain  at  Constantinople  two  ancient 
cisterns :  1.  The  Subterranean  Palace,  built  of  hard 
brick,  vaulted  and  resting  on  marble  columns :  and 
2.  The  cistern  of.  one  hundred  and  one  columns. 
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called  anciently  Philoxene  ;  it  consists  of  three  tiers 
of  columns,  one  above  the  other,  and  is  capable  of 
holding  five  days'  $upply,  for  the  whole  inhabitants 
of  that  spacious  city. 

The  same  principles  which  regulate  the  motion  of 
y^ater  in  pipes  and  along  canals,  are  likewise  appli- 
cable  to  the  flow  of  rivers  in  their  beds.  Since  the 
propelling  power  is  proportional  to  the  elevation  of 
the  main  source,  the  celerity  acquired  by  those  de- 
scending streams  would  become  enormous,  if  their 
force  were  not  gradually  absorbed  by  the  operation 
of  some  constant  impediments.  Suppose  such  a  river 
as  the  Rhone  to  receive  its  principal  waters  at  the 
altitude  of  900  feet  above  the  level  of  the  sea,  and 
that  no  system  of  obstruction  had  intervened  in  its 
course,  it  would  have  shot  into  the  Bay  of  Marseilles, 
with  the  tremendous  velocity  of  240  feet  in  a  second, 
or  at  the  rate  of  164  miles  every  hour*  Even  an  in- 
ferior stream,  such  as  the  Thames,  fed  at  the  height 
^  only  an  hundred  feet,  would  stiU,  if  not  retarded 
by  the  attrition  against  its  bottom  and  sides,  have  rush- 
ed into  the  sea  with  a  velocity  of  J4^  miles  in  an  hour. 

The  resistance  of  fluids,  like  the  friction  of  solids, 
thus  enters  largely  into  the  economy  of  nature.  As 
the  latter  is  the  great  principle  of  stability  and  con- 
solidation, so  the  former  serves  most  essentially  to 
restrain  the  accumulation  of  celerity,  and  to  mode- 
rate all  violent  motions.  A  current  presses  forwards 
with  increasing  rapidity,  till  the  obstruction  which 
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it  encounters  becomes  at  last  equal  to  the  inciting 
fierce  ;  and  having  attained  this  limit,  the  water  then 
continues  to  flow  in  a  uniform  stream*  The  main* 
taining  power  is  proportional  to  the  quantity  of  de- 
scent in  a  given  space ;  but  the  impeding  influence 
depends  on  the  surface  of  the  bed  of  the  riv^r  com- 
pared with  its  volume  of  water.  This  obstruction 
must  at  first  augment  very  fast,  being  as  the  square 
of  the  celerity. 

Let  n,  as  before,  denote  the  measure  of  declivityj 
and  a  the  mean  hydraulic  depth  or  the  depth  which 
a  river  would  take  if  it  stood  upon  an  even  base 
equal  to  the  bottom  and  sides  of  its  channel ;  then 

100  /  -  will  express  the  resulting  velocity  in  feet 

each  second.  Hence,  if  the  rate  of  descent  were 
only  one  part  in  ten  thousand,  the  stream  would 
acquire  a  velocity  represented  simply  by  the  square 
root  of  the  mean  hydraulic  depth.  Let  jf  denote  the 
fall  in  feet  each  mile,  and  the  formula  will  change 

into  V  =  /kqqqX^  ^=-o"\/^  Hence  the  velo- 
city, reckoning  in  miles  every  hour,  is  expressed  by 

11   15  15 

"«"  *  55^ ^=  Tfiv/^    '^^  result  is  quite  conform- 

able  to  actual  observaticm.  The  square  root  of  the 
product  of  the  hydraulic  depth  into  the  fidl  each  fnile 
in  feet  being  diminished  by  one-sixteenth  part,  will 
hence  represent  the  mean  velocity  of  a  river  in 
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.  inches  each  hour.  This  gives  the  central  velocity  of 
any  section  of  the  stream  ;  but  the  flow  is  the  most 
rapid  in  the  middle  of  the  upper  surface^  and  dimi* 
nishes  regularly  as  it  approaches  the  bottom  and  sides 
of  the  channel,  where  the  retardation  originates. 
The  extreme  difference  between  the  velocity  at  the 
top  and  near  the  bed  of  a  river  appears  by  obser- 
vation to  amount  to  half  the  square  root  of  the 
computed  mean  velocity.  Thus,  the  Ganges,  in 
its  ample  Jtide,  has  only  a  fall  of  4  inches  in 
a  mile,  with  an  hydraulic  depth  of  30  feet  i  but 
x/  (30  X  f)  =  3.16,  which  diminished  by  one  sixm 
teenth  part,  is  S.96,  or  very  nearly  three  miles  an 
hour.  Again,  y^2,96  =  1.70,  the  half  of  which  is 
.85  5  whence  the  celerity  at  the  surface  of  the  stream 
is  3.81,  and  at  the  bottom  only  2,13. 

These  calculations  proceed  on  the  supposition  that 
the  river  holds  nearly  a  straight  course.  If  it  should 
wind  considerably,  the  multiplied  deflections*which 
it  suffers  must  still  farther  impede  its  motion.  In 
every  bend  which  it  makes,  part  of  its  impulse  will 
be  spent  against  the  concave  side  of  the  channel ; 
the  centrifugal  effort  will  likewise  raise  the  surface 
of  the  water  in  those  sinuosities,  and  therefore  aug- 
ment the  abrasion  of  the  banks.  Hence  no  stream 
cm  be  long  confined  to  a  rectilineal  channel.  If  an 
accidental  swell  should  once  effect  a  breach,  the  sweep 
^  the  current  must  necessarily  tend  to  enlaige  the 
poncavity  by  an  accelerating  progression  ;  the  oppo- 
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site  shore,  from  the  accumulation  of  gravel  and  other 
deposits,  gradually  advancing  into  the  channel.  Ri* 
vers  thus  naturally  form  sinuosities;  they  seek  to 
meander  over  the  plains  ;  and  they  would  incessant- 
ly change  their  beds,  if  not  restrained  by  sedulous 
attention  and  skilful  hydraulic  operations,  Iq  such 
a  country  as  Italy,  whose  rich  plains  are  swept  by  tor- 
rents from  the  Alps  and  Appenines,  the  superioteu- 
dance  of  water-courses  constitutes  an  important  de- 
partment of  government. 

If  a  flat  surface  be  directly  opposed  to  the  action 
of  a  stream  as  it  shoots  from  the  side  of  a  vessel,  it 
must  evidently  sustain  a  pressure  just  equal  to  that 
which  actually  projected  the  fluid,  or  the  load  of  the 
incumbent  column.  In  every  case,  therefore,  the  im* 
pulsion  of  any  current  against  a  perpendicular  plane, 
may  be  estimated  by  the  weight  of  a  body  of  the  fluid 
standing  upon  that  surface,  and  having  the  altitude 
due  to  the  velocity.     Resuming  the  former  notation^ 

since  vzzS^A,  it  follows  that  A zr^zzT-j  .    This 

expression  corresponds,  in  the  case  of  a  stream  of 
water,  very  nearly  to  one  pound  averdupois  for  every 
square  foot  of  the  obstacle,  multiplied  into  the  square 
of  the  velocity  in  feet  each  second.     Let  A  denote 


the  area  of  the  opposing  surface,  and  •^.  A.v*,  or 


jTg.  A.t;*,  will  express  more  accurately  the  mea- 
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sure  of  the  shock.     If  the  stream  were  to  consist  of 
sea-water,  the  Pactional  coefficient  might  be  omittedt 
and  A.v*  simply  will  represent  the  impelling  force. 
Let  V  denote  the  velocity  of  the  current  in  miles 
each  houri  and  the  former  expression  must  be  muU 

tiplied  by  the  square  of  the  fraction  — •     This  gives 

for  the  shock  ^-g .  55^ .  A.V*.=^g|r .  A.V%  which 

21 
is  very  nearly  —  •  A.V*.      In  practice,  it  may  be 

sufficiently  accurate,  to  reckon,  for  every  square  foot 
of  opposing  surface,  the  product  of  two  pounds 
averdupois  into  the  square  of  the  celerity  of  a  stream 
of  water  expressed  in  miles  an  hour*  The  pressure 
of  a  river  against  the  piers  of  a  bridge  may  be  hence 
computed*  The  shock  becomes  augmented  in  a 
high  ratio  during  floods ;  for  not  only  is  a  greater 
extent  of  surface  then  opposed  to  the  current,  but 
the  effi>rt  on  every  given  space  follows  also  the 
square  of  the  increased  velocity. 

The  mighty  rush  of  a  torrent,  carrying  along  with 
it  iragmetits  of  rocks,  stones,  or  gravel,  depends  on 
the  same  principle.  Let  w=z6%^  lb.,  and  a  denote 
in  feet  the  side  of  any  cubical  block,  of  which  the 
specific  gravity  is  ff  ;  its  weight  under  water  will 
evidently  be  expressed  by  a'  (1— ig')  w^'-  The 
impulse  of  the  stream  would  therefore  be  sufficient 
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to  support  the  load,  when  2a**V*  zza^  (1 — ^)w\ 

or  V*=r  (1 — ^)w.    In  the  case  of  stones,  the  value 

of  g  lies  between  3^  aiid  S,  and  consequently 
3V*=l-6x62j  XazzlOOa,  and  V  =v/5d!a.  The 
force  required  to  overcome  the  friction  of  a  stone  at 
the  bottom  of  a  current,  or  to  urge  it  forward,  will 
generally  be  less  than  this  quantity,  seldom  perhaps 
exceeding  the  half  of  it.  Hence  we  may  assume 
Vr:4^a.  The  effect  will  be  nearly  the  same,  if 
the  block  should  approach  to  a  round  shape.  A 
torrent  with  the  celerity  of  eight  miles  an  hour 
would  therefore  be  capable  of  rolling  a  stone  of  four 
feet  in  diameter.  But  a  stream  gliding  at  the  rate 
of  two  miles  an  hour  would  only  be  sufficient  to  car* 
ry  along  with  it  a  pebble  of  three  inches  in  diameter. 
With  lower  velocities,  the  current  will  scarcely  move 
gravel.  If  the  particles  of  sand  were  supposed  to 
have  a  diameter  equal  to  the  twenty*fourth  part  of 
an  inch,  it  would  require  a  flow  of  a  quarter  of  a 
mile  in  an  hour  to  bear  them  along.  A  velocity  of 
the  tenth  part  of  a  mile  in  an  hour  would  be  suffi* 
cient  to  carry  sandy  particles  of  only  the  hundred  and 
twenty-third  part  of  an  inch  in  diameter. 

Hence,  the  theory  of  the  washing  of  metallic  ores, 
and  the  deposition  of  gold  dust  in  the  beds  of  rivers. 
The  ores  being  broken  into  very  small  fragments  by 
means  of  a  stamper,  these  are  laid  upon  an  inelined 
plane,  and  exposed  to  the  action  of  a  descending 
stream  of  water,  which  sweeps  away  all  the  lighter 
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earthy  particles.  In  like  manner,  the  pellicles  of 
gold,  adhering  commonly  to  minute  portions  of 
quartz,  being  at  length  detached  by  incessant  roll- 
ing, are  left  in  the  little  pools,  while  the  sandy  par- 
ticles are  carried  still  farther.  Hence  also  the  rea- 
son why  the  bottoms  of  rapid  rivers  are  coYered 
with  large  round  stones,  or  at  least  with  rolled  peb- 
bles. Where  the  celerity  of  the  current  becomes 
moderated^  gravel  and  coarse  sand  begin  to  appear. 
But  when  the  flow  is  slu^sh,  the  bed  of  the  river 
is  always  covered  with  fine  sand  or  mud.  Such  de» 
posits  occur  chiefly  in  the  pools  and  near  the  influx 
into  the  sea.  Hence  likewise  the  gradual  formation 
of  banks,  a  process  which  is  constantly  going  on  over 
all  the  stagnant  parts  of  water,  and  along  the  limits 
of  opposite  currents. 

Water  is  the  readiest  and  most  powerful  agent 
that  can  be  directed  by  human  skill.  A  mill-race,  for 
example,  three  feet  broad,  and  two  feet  deep,  and 
running  at  the  rate  of  four  miles  an  hour,  would 
communicate  an  impulsion  equal  to  the  fall  through 
.538  parts  of  a  foot ;  whence  the  action  thus  crea- 
ted, during  the  space  of  a  minute,  is  expressed  by 
the  product  3  x  2  X  352  X  62^  X  .538  =  70,966, 
which  being  incessant,  amounts  to  the  ordinary  la- 
bour of  an  hundred  men.  If  this  current  had  then 
fallen  26^  feet,  its  quantity  of  operation  would 
have  been  augmented  fifty  times  more.  Bu(  such 
streams  are 'easily  collected  and  formed  in  nume- 
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rou8  (Situations  over  the  undulating  face  of  the 
country. 

It  will  expand  our  conceptions,  if  we  survey  the 
great  laboratory  of  Nature,  and  calculate  the  enor« 
mous  extent  of  power,  displayed  in  elevating  the 
watery  stores  into  the  lofly  regions  of  the  atmo-^ 
sphere.  Between  the  tropics,  the  annual  fall  of  rain, 
and  consequently  the  measure  of  evaporation  which 
supplies  it,  amounts  to  about  10  feet ;  and  estimating 
this  in  other  countries,  as  nearly  proportional  to  the 
cosine  of  the  latitude,  the  quantity  of  moisture  ex- 
haled in  the  course  of  a  year,  over  the  whole  surface 
of  the  globe,  would  form  a  shell  of  five  feet  deep. 
The  number  of  cubic  feet  of  water,  turned  into  vapour, 
and  dispersed  through  the  mass  of  atmosphere  every 
minute,  would  hence  be  5  x  10,424,000,000,  or 
52,120  millions.  But  this  quantity  is  to  be  multiplied 
by  18,000,  the  mean  height  of  the  atmo^here  in  feet, 
and  again  by  62^,  the  weight  in  pounds  averdupois 
of  a  cubic  foot  of  water  ;  the  final  measure  of  effect 
is  therefore  expressed  by  58,635,000,000  millions, 
and  equal  to  the  labour  of  about  80,000,000  millions 
of  men.  Now,  the  whole  population  of  the  globe  be- 
ing  reckoned  800  millions,  of  which  only  the  half  is 
capable  of  labour ;  it  follows,  that  the  power  exerted 
by  Nature,  in  the  mere  formation  of  clouds,  exceeds, 
by  two  himdred  thousand  times  the  whole  accumu- 
lated toil  of  mortals. 

A  considerable  portion  of  the  power  thus  expend- 
ed, might  be  directed  to  useful  purposes,  by  inter- 


430  ELEMENTS  OF 

cepting  the  water  again  iu  its  deacent  towarda  the 
ocean.  Suppose  one-sixth  of  all  the  exhalations  to 
return  to  this  great  gulf»  and  that  half  of  the  falls  in 
the  rivers  and  streams  over  the  habitable  earth»  com- 
prising the  fifth  part  of  the  whole  surface  of  the 
globe,  are  detained  from  an  elevation  of  600  feet ; 
there  would  be  drawn  from  those  mighty  stores  a  force 
deven  times  greater  than  the  aggregate  of  human 
labour. 

It  may  be  satisfiEietory,  however,  to  take  a  more  de- 
finite illustration.  The  surface  of  this  island  is  com- 
puted at  67,243  square  miles,  or  1,874, 627>000,0(X> 
square  feet.  But  reckoning  the  annual  measiife  of 
rain  36  inches,  of  which  the  sixth  part  may  flow  to- 
wards the  sea,  and  supposing  one  half  of  this  surplus^ 
or  three  inches,  to  be  intercepted  at  an  elevation  of 
100  feet,  it  would  require  to  multiply  the  former 
number  by  100  X  ^  X  62^,  or  1562^,  and  divide 
the  product  by  525949>  the  number  of  minutes  in 
a(  year,  to  obtain  t&e  quantity  of  performance.  The 
result  is  4,423,760,000,  equivalent  to  the  action  of 
6,703  steam^ngines,  of  what  is  called  twenty-horse 
power.  It  may  hence  be  fairly  estimated  as  not  in- 
ferior to  the  ordinary  labour  of  the  whole  of  our  male 
population.  Such  is  the  vast  magazine  of  force, 
which  a  rigid  economy  might  command. 

The  power  exerted  by  the  moon  and  sun  to  heave 
the  tides  of  the  ocean,  is  only  about  the  eigh- 
tieth part  of  the  action  of  the  atmosphere  in  produ- 
cmg  the  train  of  meteorological  phasnomena.     Rec- 
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kontng  the  swell  at  the  equator  to  be  4  feet,  this 
gires  a  mean  elevation  of  S  feet  over  the  whole  fur- 
face.  Wherefore^  a  body  of  water,  ^  feet  deep,  is 
raised  to  the  intermediate  height  of  one  foot  twiee  in 
the  lunar  day,  or  706  times  in  the  course  of  the  year* 
The  relation  of  the  force  thus  employed  to  that  of  the 
general  exhalation  over  sea  and  land,  is  hence  as 
2  X  1  X  J  X  706,  or  1129.6  to  5x18000,  or  90000, 
that  is,  as  1  to  80 ;  and  therefore  still  it€0  thousand 
Jhe  hundred  times  greater  than  the  ^gregate  labour 
of  the  human  race. 

But  the  rise  and  fall  of  the  tide,  along  our  ex* 
tended  shores,  would  be  sufficient  to  drive  numerous 
mills*  Suppose  a  basin  were  inclosed  only  a  chain 
or  66  feet  in  width  and  10  chains  in  length,  and 
containing  therefore  an  acre  of  salt  water,  this 
would  give  an  impulse  equal  to  the  flow  of  43,560 
cubic  feet  in  12  hours  and  25  minutes,  or  about 
58^  feet  every  minute,  with  a  fall  of  5  tfeet.  The 
expression  for  the  force  evolved,  is  hence  the  conti- 
nued product  of  5  X  58^  x  64^  =  I866O. 

The  performance  of  this  ^de-mill  might  hence  be 
equal  to  that  of  25  common  labourers*  But  eight 
such  basins  could  be  included  in  each  mile  of  coast ; 
and  therefore,  estimating  tjie  circuit  of  the  island 
at  1750  miles,  there  might  be  formed  no  fewer 
than  14,000  mills,  by  drawing  a  sea-wall  66  feet 
from  the  shore.  In  this  way,  a  saving  of  power 
might  be  effected,  equal  to  the  labour  of  350,000 
men.     The  expence  of  erecting  such  a  dam,  would 
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probably  defeat  the  object  as  a  general  scheme  of 
improvement ;  but  there  occur  very  many  creeks  and 
bights  along  our  indented  coast,  which  could  be 
most  profitably  inclosed  as  reservoirs  for  laige  tide- 
mills. 

The  float-board  of  a  river-mill  is  impelled,  not  by 
the  whole  velocity  of  the  stream,  but  only  by  the 
excess  of  this  above  the  velocity  of  the  board  itself. 
Let  A  denote  in  square  feet  the  surface  immersed 
in  the  water,  v  the  velocity  of  the  current,  and  t/ 
that  of  the  middle  of  the  float ;  then  2A  (t^— -»')* 
will  express  in  pounds  averdupois  the  pressure  which 
turns  the  wheel.  The  momentum  thus  acquiied 
must  hence  be  proportional  to  ly  (t^— ^)%  an  expres* 
sion,  which  being  assimilated  to  the  property  of  a  panu 
bola,  must  become  a  maximum  when  v'  zzijv.  The 
greatest  impulsion  communicated  merely  to  a  wheel 

14       4 
is  therefore  only  ^»  5  ^r  —  of  the  whole  power  of 

the  stream.  But  it  would  be  more  adyantageous  to 
make  the  float-boards  turn  slower,  and  to  multiply 
their  velocity  afterwarda  by  means  of  a  train  of  in- 
ternal machinery.  The  current  might  then  strike 
with  nearly  its  full  celerity.  In  the  case  of  under- 
shot' wheels,  a  great  loss  of  power  is  occasioned  by 
the  accumulation  of  the  dead-water^  or  of  the  water 
which,  having  impinged  against  a  float-board,  re- 
mains nearly  stagnant,  and  therefore  impedes  the 

advance  of  the  next  float-board. 

3 
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Hie  shock  will  evidently  be  the  same  whether  n 
current  strikes  agiunst  a  fixed  plane,  or  the  plane  it- 
self moves  with  an  equal  and  opposite  velodty 
through  a  fluid  at  rest.  The  formula  of  impulsiaA 
already  given  must  hence  include  likewise  the  case 
of  resistance,  which  is  therefore  proportional  to  the 
square  of  the  celerity.  But  this  conclusion  might 
be  derived  from  direct  considerations.  As  the  platne 
advances,  it  receives  the  stroke  of  all  the  particles 
in  its  progress.  The  quantity  of  momentum  thus 
consumed  is  evidently  compounded  of  the  number 
of  particles  encountered  and  the  impetus  of  each  ; 
but  the  number  and  individual  force  of  those  parti- 
cles being  as  the  velocity,  the  combined  eflG^^t  must 
be  pn^ortional  to  the  square  of  the  velocity. 

If  a  fluid  strike  a  plane  obliquely,  its  action  is  to 
be  determined  from  the  deconqposition  of  forces. 
Let  the  oblique  plane  AB  (fig.  ]74.)'m9eiye  the 
shock  of  a  current  perpendicuUur  to  AC  If  DB» 
assumed  equal  to  AB,  denote  the  direction  and  in- 
tensity of  the  stroke,  this  force  may  be  resolved  into 
BE,  parallel  to  AB,  and  D£  at  right  angles  to  it. 
It  is  the  latter  only  that  can  have  any  efifect  upon 
the  plane  Afi.  But  the  force  D£»  again,  is  decom- 
posed into  DF,  perpendicular  to  AC,  and  F£  pa- 
rallel to  it*  F£  therefore  uiges  the  plane  in  th^^di- 
reotion  C A ;  but  the  breadth  of  thei  ^tream  being 
likewise  proportional  to  CA,  the  combined  action 
miist  be  represented  by  the  rectangle  F£,  C  A,  or  by 

VOL.  I.  S  £ 
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the  Botid  AB.F£LCA»  since  AB  is  coiirtrat.  Now 
the  right  angled  triangle  ABC,  being  obvioualy 
equal  to  DB£y  the  sides  BC  and  CA  are  equal  to 
B£  and  D£.  But  AB  :  AC  :  :  B£  or  BC  :  £F, 
whence  AB.£F= AC.BC,  and  the  wlid  AB.  AC.£F 
=  AC^«fiC.  The  force  whioh  impeta.  the  ^iie 
AB  in  the  direction  C  A  is  thwefore  exerted  to  the 
utmost  when  AC^.BC  is  a  mammum^  But  AC 
and  BC  are  chords  in  a  given  semicureleb  de^orihed 
cm  AB  J  and  from  what  was  shown  in  p.  96S^  the 
greatest  solid  requires  that  the  square  of  AC  should 
be  douUe  the  square  of  BC.  Whence  the  tangent 
of  the  angle  BAC  :r  ^  ^  =  tan.  S^""  16'.  Sneh 
is  the  angle  that  the  rudd^  of  a  ship  makes  with  a 
perpendioulor  to  the  keel,  when  it  exorts  the  greatest 
power  in  turning  the  vesseL 

Suppose  an  dbiique  plane  AB  (fig.  VJSb)  or  a 
wedge  CAB  to  move  in  the  direetiosi  CA  againrt  a 
quiescent  Smd.  Let  BD  be  taken  equal  to  ABand 
parallel  to  AC,  draw  D£  and  £F  perpendicular  to 
AB  and  BD.  After  repeated  decompoakion,  the 
only  portion  of  the  impinging  Jforee  DB  oppos^  to 
th«  advance  of  the  plane  AB,  is  DF.  Tlie  whole 
resistaiice  is  therefore  expressed  by  BC.DF»  or  by 
BC.BD.  But  BD  :  D£  :  :  D£  :  DF,  or  BG,  if 
C6  were  let  faU  p^pendicular  ta  AK  Agam, 
BD^  :  D£^ : :  BD :  DF;  whence  the  resistance  of  the 
wedge  CAB,  while  its  base  CB,  or  the  transverse  sec- 
tion of  the  fluid  remains  constant,  is  proportional  to 
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the  square  of  the  sine  of  the  angle  BAG.  But  if 
ABy  the  side  of  the  wedge,  or  the  leBgdi  of  the  Ob- 
lique phme,  should  be  the  conrtant  qumtity,  the  re* 
sistaooe  will  follow  the  cube  of  the  inclmatioii. 

Tliese  inyestigationsy  howeyer^  amime»  for  the 
sake  of  simplicity,  that  every  particle,  the  instant  it 
has  imphiged,  retires  into  tibe  genoai  hi^ss  of  the 
fluid,  without  oonramiiig  any  fence.  But  siidk  a  sup- 
positioD  deviates  widely  from  the  trath.  Thefluid  con- 
tinues,  after  cdlisiont  to  press  against  the  sides  of  the 
wedge,  and  therefore  impede  its  advance.  To  wer*- 
oome  the  inertia  of  this  accumulation,  will  necessari* 
ly  require  the  ezpettdituie  of  a  large  share  of  tfarimk 
pidsion*  The  fiuid  partides  whidi  haive  met  die 
riiock  of  the  oblique  j^ssie,  muak  be  piidied  off  la^ 
tecaUy,  by  somefbiee  depending  on  Ae  cosine  of  the 
angle  of  ioodence^ 

The  rsaifltanoe  which  wedges  experieaee  in  «#• 
vingthrough  water  is  aoeordingly  nusdi  greater  tlMu 
what  mere  theory  indicates.  It  diminishes  indeed 
with  their  angle,  but  not  in  «o  ftst  a  ratio  sb  the 
square.  The  acuteness  of  that  an^e  oeoaiiew  a 
greater  drag  of  the  fluid,  and  a  ooraeiqnnding  iit^ 
taoedatian.  When  the  fbating  body  ia  vaty  len|^ 
tlie  oatare  of  the  resiabanoe  becoBma  totaUT  ehansML 

it  iMie  flatty  drawn  through  the  water  wkb  its  hioadi 
tkiSi  with  its  narrow^  end  foremost.  In  thia>caBa^ 
iSie  primory  <riistriicliQii  ^  no  d^ubt  greater;  bet 

2£  S 
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the  water  heaped  pn  the  front,  being  made  to  stream 
off  with  a  slight  divergency,  does  not  hang  on  the 
sides  of  the  mast.  For  the  same  reason,  whatever 
tenda  to  weaken  the  adhesion,  serves  likewise  to  di* 
minish  resistance.  A  wedge  which  has  its  sides 
rubbed  with  grease,  is  found  to  move  more  freely 
through  the  water.  Hence  the  great  benefit  derived 
irom  sheathing  the  bottom  of  a  ship  with  c<^iper. 

To  lessen  the  resistance,  it  is  of  more  consequence 
that  the  prow  of  a  vessel  should  be  gently  incurved 
than  have  a  sharp  outline.  The  rounc&ess  of  the 
prow  assists  in  gradually  turning  aside  the  current. 
Even  the  breadUi  of  the  bow  of  the  vessel  is  some- 
times advantageous ;  but  the  tapering  of  the  hull  is 
always  an  important  requisite.  The  bilged  form  of 
the  stem,  which  the  Dutch  have  long  adopted, 
appears  at  last  to  be  judged  preferable,  not  only 
etrangtheiuiig  the  ship,  but  materiaUy  lesaaning  its 
reaistanoe  in  the  water.  Whenever  an  eddy  occa* 
aioned  by  the  abruptness  of  outline  whirls  imderthe 
stem,  or  a  portion  of  fluid  follows  the  vessel,  its 
ftogreaa  must  evidently  be  retarded.  In  general  the 
shape  of  the  hinder  part  of  any  floating  body  has  a 
viery  considerable  influence  on  the  quantity  of  resis- 
tance which  it  must  encounter.  To  determine  all 
these  circumstances  from  strict  theory^  would  require 
an  investigation  of  the  most  repulsive  and  hopeless 
intricacy.  It  would  not  only  be  necessary  to  calcu- 
late the  intensity  and  direction  of  the  shock  of  each 
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paitide  of  fluids  but  to  tnce  the  divulging  streamlets 
mth  which  they  again  recedef  and  to  reduce  into  a 
single  amount  the  eflfect  of  all  the  diversified  elements 
of  resistance.    The  higher  calculus  might  cmnpress 
those  conditions  under  the  powers  of  its  notation  ( 
but  the  resulting  equations  would  stiU  admit  of  no 
complete  integration.    It  is  a  much  easier  and  a 
safer  procedure»  to  resume  the  limited  and  imperfect 
deduction  already  given,  and  to  correct  it  by  a  series 
of  accu^te  experiments.    Many  of  these  have  been 
made»  but  not  on  a  scale,  it  must  be  confessed,  at  all 
suited  to  the  importance  of  the  sulgect.    The  reports 
of  different  observers  are,  besideis,  not  very  consistent. 
We  may  therefore  assume,  for  an  oblique  phme 
whose  inclination  is  the  angle  a,  the  expression 
sina*  -^-^  cos  a,  as  a  tolerably  near  approximation  to 
the  resistance,  that  of  its  base  being  reckoned  unit. 
The  same  result  may  be  given  geometrically  for  the 
wedge  CAB  (fig.  175-)  by  making  BH  =  ^  AC,, 
when  GH  will  indicate  the  resistance. 

It  may  be  worth  while,  however,  to  exhibit  the  ^ 
gradation,  by  a  tablet  of  the  resistance  for  each  five 
degrees,  that  of  the  base  being  unit. 
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If  a  stone  be  draped  iato  n  deep  pMl^  itwfil  gm* 
diifiHy  aeeelerafle  ito  mofeioiii  till,  the  mcreasiiig  fe* 
sittanee  it  enoount^v  becomet  equal  to  its  descend- 
mp  foite,  or  the  taeess  of  its  weight  aliove  that  of 
the  vohn&e  of  wMer  displaced  j  and  it  then,  cooti- 
imes  to  Ml  with  an*  uniftlni  vdocHtf^  This  feloei* 
ty,  which  ierves  w  a  limit,  is  henoe  called  termmal ; 
and  it  evidently  d^^ends  on  the  form,  the  aiaey  and 
the  density  of  the  plunging  tnaes.  To  flunpliQr  the 
eonsiderotioni  sappoiethe  body  weregtobular^  itadia- 
meter  in  feel  being  denoted  by^  iti  spedfic  gravity  by 
ffy  and  the  velocity  fay  t;«    The  excess  of  its  weight 

abQve  tl^at  of  water  will  therefore  be^.rf^  (^ — 1)  j 

while  the  resistance  of  a  circular  section  is  ^•d*.^^. 

if       o4 

and  that  of  the  sphere  itself  the  hatf  of  thJe,  or 
S'^**7u:    ^h^u<^^  equating  these  expressions,  we 


8 

obtain  v = 9i  v/  (rf  (5'^-^l )  )•  The  lerminal  velocity 
is  therefore  in  the  subduplicate  ratio  of  t&e  diameter 
of  the  ball,  and  its  preponderating  dent^y.  Thus, 
an  eighty  pound  iron  shot,  plunging  into  a  fsesh«^wa>- 
ter  laJce,  would  acquire  a  celerity  of  20.4  feet  in  a 
second^  or  would  descend  thi^ough  the  space  of  204 
fathoms  every  minute }  fbr  ivchonbig  the  specific 
gravity  at  7*^9  the  di»neter  of  the  ball  would  be 
about  8^  inches^  or  *714  parts  of  a  foot  '^  whence 
v=9Jv^  (.714  X  6.5).     In  the  ocean,  the  celerity 
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mafiti  awing  to  the  ^rwter  daoiity^  be  flomewhat  lets, 
or  901  fftthoms*  But;  n  ball  of  a  pound  and  a  quaf- 
ter,  w  64  timed  lighter,  and  consequently  having  a 
diametef  very  little  more  than  ^  inches,  would  sink 
«wioe  as  dow^  or  at  die  rate  of  100|-  fathoms  evoy 
ttimM.  Whetiiw^  balb  drop  softly  into  the  wa* 
ter,  w  enter  it  with  vehement  impuUimf  they  will^ 
ki  a  irtry  short  time,  aeqmre  tfaiir  tenmuil  velo- 
dl{y«  Tltt  iiene  pnneiple.reg«lateB..the  asoent  of 
lig^iter  bodies,  the  formula  being  only  modified  into 

rss9i\/(^(l-*^)>  Thus,  reckoung  the  speeifio 
gravity  of  eork  to  be  i90^  a  bill  of  that  sidistaiic^  two 
inches  in  diameter,  if  not  aflPected  by  compression, 
would  rise  from  the  bottom  of  a  lake  with  a  velocity 
of  M  fathoms  in  a  minute. 

In  odier  fluids,  it  is  oAly  requinte  to  substitute  the 
i^edative  value  of  ^.  TImis,  for  atmospheric  air,  the 
formula  is  changed  into  v  iz  9^^^  (d  {MOff — 1}  )• 
An  eighty  pound  iron-shot,  if  fired  upwards,  would 
hence  acquire,  in  falling  back  to  the  ground,  the  ce* 
ferity  of  608  feet  in  a  seeond,  whkh  is  sufficient  to 
produce  the  most  destructive  efibcts. 

In  the  case  of  drops  of  rain,  the  ibrmuU  will  be 
modified  into  t^=9i»  99  ^d  ;  and  for  hailstones,  we 
m^  issnme  9| .  90^du  Thus,  the  laigest  drop  of 
rain  being  only  tte  fifth  part  of  an  inch  diameter,  the 
celefity  of  its  descent  cannot  exceed  9|*29.A=^34$ 
feet  in  a  second,  or  2040  every  minute ;  but  the  or- 
dinary  drDps  in  this  climate  will  seldom  fall  half  a$ 
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iast.  On  tlie  other  fasBd,  bafltfeoMs  in  the  wuth  of 
Europe  have  mxMtivoeB  the  mormoiM  diametw  of 

two  inches.     Here  t;  =:  9i  •  30 .  —  =  113y  feet,  or 

exceedii^  a  mile  and  a  quarter  in  a.  mkuite  $  a  ra* 
ptditf  of  ftrpke  whieh  deatroya  ooin^fieldaf  .aad  uir 
vages  vineyards. 

That  tbe  resiataiice  which  flinda  oppwe  to  prae- 
tration,  ineriaaea  wifii  the  aquue  of  tiie  celerity^  k 
easily  shown  by  a  series  of  {^aas-heads,  of  diffiwent 
densities,  dropped  into  a  very  tall  jar  fiiU  of  water  } 
for  these  baUs  in  a  short  spaee  acquire  a  certain  ter« 
minal  velaeity,  with  whi^  denQefoath,  they  pur« 
sue  their  uniform  descent.  While  the  standard  of 
water  is  1000,  let  the  beads  be  adjusted  to  the  i^ 
cific  gravities  of  1001,  1004^  1009»  1016,  pitMseed- 
ing  by  the  square  numbers  as  far,  .p«rfa^s»  as  1100» 
and  have  all  of  them  an  inch  in  diameter*    Thm^ 

for  the  first  bead,  v=9i  J  j^  J 1^=^  ^"^  ^"^ 

inch ;  so  that  reckoning  from  the  Umit,  or  less  than 
a  foot  below  the  surface,  the  veloeitiaa  which  diey 
attain  are  expressed .  in  inches  eadi  second^  by  the 
consecutive  digks,  1,  %  8,  4f  he.  to  10«  Wi^  the 
heavier  beads,  such  as  those  >  marked  1009»  1016, 
10S5,  &c.  the  correspondence  betwoen  these  num- 
bers and  the  results  of  actual  experiment  is  very  sa* 
tisfactory.  But  those  beads  near  the  beginning  of 
the  series  descend  more  slowly  than  the  theory  in* 
dicates  :    Thus,  the  bead  1004,  instead  of  falling 
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Jthipiigk  two  incbtst  scarcdy  desciibes  <Hie»  and  the 
first  bead»  insteadof  a  single  seeond^  takes  more 
than  three  seconds  to  pass  through  an  inch.  This 
^uggishness  proceeds  evidently  from  the  imperfect 
fluidity  of  wator^  dieefflset  of  thetenacityi  or  mui^ 
tnal  adhesion  iji  its  partkdesy  wbieh  cramps  thar  in* 
temal  moUlity.  Hence  the  slow  subsidenee  of 
eardij  maltMS  disdiaigcd  into  lakes ;  .and  henec^ 
iikowise,  the  susp^Miont  in  our.  atasQsphere^  of  those 
very,  minute  aqneoua  globules  .whieb  compose  tbi^ 
clouds. 

If,  instead. of  the  taM  jar,  these  be  substituted 
tubes^ef:the«anielieighty  but  only.  ^,  3»,and  1^  in- 
dieai^  dismeter,  allthe  beads  will  descend  much  dow« 
er  than  b«fore»  especklly  in  the  narrowest  one«  The 
ntardalion  is  evidently  caused  by  the^  difliculty  with 
which  die  water  in  this  ease  i^cedest  and  gives  way  to 
the  passs^  of  the  ball.  This  experiipent  illustxates 
the  peculiar  obstructionfound  in  drawing  loaded  boats 
through  thenaiTow  and  shallow  parts  of  a  canal* 
v  Since  Ike  lesistanoe  ^twater  to  the  progress  of  a 
vessel  ispn^ortional  to  the  square  of  the  velocity, 
the  most  advantageous  mode  of  applying  force  in  na- 
vigation is  to  supfKirt  a  slow  motion.  If  a  steam  en- 
gine of  what  is  called  a  SO  horse  power,  give  an  impul* 
sion  of  four  miles  an  hour,  it  would  require  one  80 
horse  power  to  double  this  rate,  and  one  of  180  to  in- 
crease the  oekrity  to  twelve  miles  an  hour.  The  same 
large  engme  would  therefore  be  capable  of  drawing 
nine  such  boats  only  three  times  slower.    But  if  ani- 
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lUAl  cxextioD  wcKa  employady  the  tSnt  would  i^cir 
stiU  mora  diminiihedy  dnoe  the  excesi  of  muaoiilar  ac- 
tion wooblbeproporticaiaUyKediicedL  Thu0»ifahone 
were  set  to  tbig  a  boat^  which  reqiiived  liie  £»ree  o£ 
9  lb.  to  puU  It  along  a  oatial  at  tht  nifee  of  a  mile  ki  ati 
boor,  he  would  oontimiaHy  aopeJewte  his  pace  tiU  be 
reaohed  ^e  limit 4if  three  mileB  an^bour^  what  the 
«NUtitDC6y  augmented  to  ftl  lbe#»  becomeaeqmd  to  his 
eorre^poodiiig  power  of  draught.     If  the  ftroe  of 
4  Ibfc  were  auffioknit  to  pradmoe  tkm  motiott  of  one 
mile  in  an  hour,  the  horse  would  advance  slwa^ 
fteter,  till  he  atteined  the  pate  of  finir  mikst  when 
his  power  of  tm^tion  sinks  to  64  lfaB«»  the  i^reased 
measure  of  resistance*    The  same  bom  woold^tben^ 
fore,  be  capable  of  dragging  a  tram  of  30  similar 
boats  only  four  thnes  slower,  and  might  hence  pro» 
duce  more  than  seven  times  as  much  eflSstt  in  trans* 
porting  goods. 

In  genera],  let  P  denote  the  force  required  to  puU 
a  boat  along  a  canal,  at  the  rM;e  of  a  mile  in  an  hour, 
and  p  the  traction  exerted  et  any  other  veloeity,  v 
when  it  becomes  just  equal  to  the  aceumulated  re« 
nstance  :    Then,    resuming  a  former  expression, 

{12— t;)*"r=/?  =  Pr* }  whence  v  a:    /p  ,  |»   a™ 

P  =  /^ j  .  Thus,  on  the  Leeds  and  Liver- 
pool canal,  a  horse,  walking  at  the  rate  of  l^  miles 
in  an  hour,  draws  a  boat  of  45  tons  burthen,  whoice 


NATURAL  nULOSO^HY.  44$ 

the  aetmd  dfaught  li  115^  Um*^  imd  P  «=  74  Ihsi 
If  tile  pace  wem  ijwckeAed  only  to  t#o  miles^  tke 
traction  vrould  be  increased  to  396  ibs.^  and  requiils 
d  honm :  were  it  accderated  to  tfane  miles^  the 
fence  would  aoiouit  to  666  llis.,  oequiriiig  8  boMen  t 
a^tnctioB  of  1184  Ihe.^  or  the  hboor  of  18  heraes^ 
would  he  oeoeMaBy  te  hnmg  the  rate  ef  tnuwUiof^  io 
iamt  mileB  ^  aiid  no  femr  thda  Sft  harm,  pulUog 
with  the  force  of  1850  Ifas^,  would  luvre  been  leqai^ 
ved  to  bnng  the  ipeed  iqp  to  tlw  rate  of  finre  milea  i^ 
an  hour.' 

The  advantages  fewdtnig  ham  the  present  mode 
of  interior  navigatioH  are  henee  very  oenqncooua 
The  impdiaion  of  leeemtive  eaginea  along  tiie  track 
ef  a  cailway  aeeouiy  j»  a  certain  eactmt,  wdl  cafeu^ 
lated  &r  dw  lafad  conveyance  of  paMenfna  and 
light  geods  f  but  the  system  of  caftals^  with  their 
sSow  regulated  norenents,  wUch^  at  so  fittle  ex- 
pellee of  kboor,  dnttiBbtite  or  transport  the  ponde- 
rows  aialeiials.  and  the  staple,  productions  of  the 
conntryy  must  alwayB  be  regarded  as  the  grand  feed- 
er of  our  extended  coHuiaree. 

4 

An  impidse  may  be  conveyed  through  any  fluid, 
as  along  a  solid  substance,  by  a  chain  of  tremulous 
oenHuothm,.  without  any.actnad  tranrfer  of  the  parti- 
des  which  are  effiMSted  in  succession.  A  system  of 
alteraiate  contraction  and  dilatation  penrades  the 
whole  extend*  -  The  orlerity  with  which  those  vi» 
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bntiops  are  transmittedy  it  may  be  shown^  is  thit 
due  |;o  half  the  altitude  of  the  modulus  of  elasticity. 
The  rapidity  with  which  an  impulse  will  shoot 
thxo^gh  water  is  hence  equal  to  8^/350,000,  or 
47^0  feet  every  second*    Suppose  a  tnin  of  pipes  of 
a  mile  iu  length  were  filled  with  wat^,  a  violent 
blow,  struck  with  a  hammer  at  one  end^  would  be 
transmitted  through  the  fluid,  and  fek  at  the  other 
end  in  little  more  than  a  second* 
.  But  ifthe  water  should  extend  along  anopen  canal, 
or  spread  itself  within  a  wide  basin,  the  succession  of 
alternating  contractiona  and  dilatations  will  produce 
a  corresponding  series  of  swells  and  concavities  over 
the  whole  suiftce*    These  connected  elevations  and 
dei^essions  must  likewise  modify  and  retard  the  tide 
of  vibratory  commotion  which  would  rush  impetu- 
ously below*^    The  rise  of  the  water  above  its  level 
in  any  place  will  create  a  pressure  acting  on  all  aides, 
but  more  immediately  exerted  against  the  nearest 
portions  of  the  fluid.    Every  swell  over  the  surfiice 
must  hence  tend  to  subside,  and  every  hollow  again, 
to  mount  upwards.     A  systan  of  oscillations  having 
been  once  excited  will  therefore  continue  its  opera- 
tion, till  the  tenacity  of  the  fluid  particles  extinguish 
the  disturbing  force. 

Sir  Isaac  Newton,  who  first  examined  this  intri- 
cate subject,  was  satisfied  with  comparing  the  motion 
of  waves  on  the  surfiu^e  of  a  pool  to  the  undi 
of  water  in  an  inverted  syphon.    Suppose  a 
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^ontal  glass  tube  AB  (fig«  I76O  turned  up  at  each 

end,  were  filled  with  any  liquid,  whether  alcohol,  or 

water,  or  mercury ;  disturbed  by  raising  the  column 

on  the  one  side  to  £>  it  will  sink  equally  in  the  other 

to  F.     Abandoned  in  this  situation,  the  fluid  would 

again  retreat  towards  its  former  position,  urged  by 

the  pressure  of  EG  on  the  double  of  €£•     Bisect 

AB  in  O,  and  the  inciting  force  will  be  expressed  by 

CE 
Atkf\  i  and  since  C  AO  remains  constant,  this  force 

will  be  proportional  to  EG,  the  space  of  derange- 
ment. Hence  the  fluid,  afler  it  has  gained  the  level 
CD,  wiQ  yet  shoot  just  as  far  beyond  it  to  G  and  H. 
In  this  new  position,  it  will  be  pressed  back  by  ion 
inverted  force,  and  made  to  return  to  E  and  K 
But  these  vibratory  motions,  whether  wide  or  har- 
row, must  all  be  performed  in  the  same  time.  They 
correspond  exactly  with  the  oscillation  of  a  pendu- 
lum, whose  length  is  OC,  or  half  the  extent  of  the 
recurved  tube  from  C  to  D.  If  the  undulations  of 
water  be  therefore  assimilated  to  these  movements, 
the  interval  between  each  swell  and  the  consequent 
subsidence  will  be  equal  to  the  time  Of  the  vibratioti 
of  a  pendulum,  which  has  for  its  length  the  distance 
of  the  top  of  a  wave  from  the  middle  of  the  subji- 
cent  hollow.  *     ' 

But  waves  never  emei^e  and  sink  again  in-  the 
same  place.  *  They  seem  to  take  their  origin  jfrom 
some  agitated  spot,  and  appear  thence  to  advance  in 
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expanding  ooncentrie  circles.  The  subaqueom  pK<a» 
pulgioQ  acoompfmyi^g  them  decides  no  douibt  the 
diiMtipn  of  their  prqgresBi  and  prevents  them  bom 
remaining  in  a  pendulous  state.  If  we  examine  at* 
4;entively  die  motioii  of  a  wavot  we  shall  find  that 
the  fore^part  is  always  in  the  act  of  rising,  while  the 
hinder-pait  is  constantly  nnking*  The  whole  sysr 
torn  hence  appears  to  roll  onwardsi  though  thei?  is 
actually  no  translocation  of  any  portion  of  the  asays, 
and  each  particle  in  succession  merely  oscillates  wifli 
aaady  «  ^ertiad  ascent  and  descent* 

The  motions  of  waves  are  perfectly  imitated  on 
the  atage^  l^y  turning  slowly  an  of^  helical  serew 
app^i^  rw«d  an  horiaontal  asia.  Tb»  eflbct  is 
produced  by  the  varyix)^  rate  of  the  vertical  eleva- 
tion and  depression,  which  must  he  as,  the  versed 
sine  of  the  distanoe  of  each  point  from  the  smnmiL 
Ito  celerity  is  greatest  in  emerging  from  the  level  of 
the  water ;  it  becomes  statienary  when  it  has  gain- 
ed its  utaiost  ascent  {  but  it  agam  acquims  an  eqtui 
and  opposite  celerity  as  it  sinks  under  that  level,  tiU 
it  comes  to  pause  at  the  limit  of  depression.  The 
%iiM  and  appsjrent  motion  of  a  wave  hence  result 
frmn  this  unequal  and  reciprocating  vcartical  play  of 
eaeb  paitiole*  combined  with  the  contmued  ami  umi- 
form  advance  of  the  inciting  energy. 

The  vmtical  motions  of  the  particles  which  oom- 
pwf  a  wwe  are  thus  exactly  similar  to  the  oscilLs- 
ti(W3  of  a  pendttlufn.    Let  a  OA  (fig*  1770.  ^^re- 
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s^t  a  l^vd  aurf^ic^  of  the  wator»  describe  ^  cm^ 
aPAQt  eim^  the  perpendicular  FO^  mi  hm^g 
divided  mk  qu«drwt  into  e<|ijud  arcs  at  Uie  pemto 
A^  Bt  C,  &G.  draw  the  paraUek  B1&,  CO,  ^  If 
them  «rc»  AB»  AC»  AP,  AD,  AE,  &c„  delete  tlw 
time^t  elapwd,  the  eorrefponding  altitudes  0F»  QG* 
PP,  and  agWA  OG,  0F»  &c.  will  express  the  ifjict 
cewve  peiiitianit  of  a  poiiit  whieh  e?«ei;ged  ir^m  Qi 
In  like  mvmetfff  g^  Q>  and  again  ^»/ will  i|idiea$0 
the  aeries  of  powtions  of  O,  in  its  aufasequeiMi  d^ 
acent»  anawering  to  the  tinnea  elapse^  AF^t  AFci 
APa  AP^  and  APQ^.  The  particles  wiw^ 
siieceed  to  i^  wiU  gain  the  same  peaitioni  «t  eqiMl 
intervals  of  tiBQie»  and  must  qonsequenUy,  by  their 
combinationf  mark  the  outline  of  a  curv6^  which  hua 
the  ar<»  of  a  circle  for  its  abseiasspy  and  the  jcerre- 
sponding  series  £»r  its  ordwates.  This  is  edited  the 
Cusrve  ^  i^^ne^.  (See  Geometry  of  Curve  Lines^ 
pp«  406-^}  When  its  ordinates  are  all  diiwuisheA 
or  augmented  in  a  given  ratio,  it  becomes  changed 
into  the  Hamnmic  Curve*  Such  then  i^  the  finu. 
ous  curve  which  represents  the  conoatwuitiou  of  a 
system  of  waves.  Let  the  horizontal  line  AN 
(fig.  178.)  be  distio^shed  into  suGcessiTe  pcoljoos 
at  the  points  B,  C»  I)^  £».  equal  to  the  ercs  of  1^ 
circle  APQ»  (%« 1770  whii^  measure  the  iotenrnl^ 
of  time^  wA  cooseque^tly  the  pr^ipress  of  <tbe  urell  i 
and  from  those  points,  erect  peipendiculami  eq^ipel  to 
the  corresponding  siuei  OP,  OG*  OP4  ^^  i   the 
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summits  of  these  being  joined,  will  indicate  tlie  Gon-» 
tour  of  the  undulating  surface  of  the  water..  The 
front  of  the  wave  AVG  rises  in  the  first  instant  to 
R,  and  the  whole  appears  to  advance  into  the  pom* 
tion  BXRH.  In  the  next  instant,  the  same  portion 
mounts  to  S,  and  the  wave  comes  into  the  situation 
CYSI»  In  another  instant,  the  fore-part  of  the 
wave  attains  the  elevation  T,  and  the  outline  changes 
into  DTK.  Again,  the  hinder-part  of  this  wave, 
by  an  inverted  or  redj^ocating  motion,  descends 
first  from  V  to  X,  then  to  Y,  and  n^ct  sinks  to  IX 
Each  wave  thus  appears  to  roll  onward,  although 
none  of  its  component  particles  redly  diange  their 
places*  They  merely  vibrate  in  the  same  vertical 
lines,  rising  or  falling  with  a  variable  celerity. 
'  It  is  evidaiit  that  the  relative  elevations  of  wav«s 
may  diflfer  in  every  proportion.  Fig.  179*  exhibits 
the  contour  of  a  very  high  wave  or  billow ;  and 
fig.  180.  represents  the  outline  of  a  gentle  swell  or 
undulation. 

Waves  are  always  seen  rolling  towards  the  shore ; 
but  an  obstacle  apposed  to  them  becomes  the  centre 
of  a  new  series,  which  spread  in  circles.  One  set  of 
waves,  however,  does  not  interfere  with  the  motion 
of  another,  and  they  will  cross  each  other  without 
occasioning  the  smallest  interruption.  Scmietimes 
^he  ordinary  undulationi^are  combined  with  a  distant 
swell,  called  the  bare^  which  rises  impetuous  after 
certain  considerable  intervals. 
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This  capital  experiment  was  first  deviaed  and  performed  on  a 
email  scale  by  Mr  Canton  in  1760.  It  established  incontestably 
the  compresnon  of  water,  bat  seems  to  have  been  generally  over- 
looked by  succeeding  popular  writen,  many  of  whom  stfll  oon- 
tinne  to  repeat  the  erroneons  condnsion  of  the  Academicians  dd 
CimetUOy  which  represents  that  fluid  as  absolutely  incompressible. 
The  instrument  alluded  to  in  the  text  holds  about  13  pounds  of 
water,  which  was  introduced  with  great  care  and  patience  t  The 
contraction  and  subsequent  dilatation  in  the  stem,  from  abstracting 
and  restoring  the  pressure  of  nine-tenths  of  an  atmospharey  amonnla 
to  3  or  4  inches,  and  is  rendei^  idsible  at  the  distance  of  sereral 
benches  in  a  large  class-room,  by  help  of  a  drop  of  quicksilrer  rest- 
ing on  the  top  of  the  aqueous  column* 

I  have  likewise  had  constructed,  by  our  ingenious  young  optician 
Mr  John  Adie,  a  large  and  delicate  instnanent,  suggested  by  the 
plan  of  Oerstedt,  and  capable  of  extensive  appfication.  It  beaxa 
safely  a  pressure  of  12  or  15  atmospheres,  and  not  only  measuraa 
easily  the  contraction  of  difierent  fluids^  but  serves  to  Indicate  the 
various  compressibility  of  soUd  sabstances.  From  a  series  of  ex- 
periments which  I  have  instituted,  I  may  venture  to  anticipate  the 
detection  of  some  intereating  and  important  fiMts  in  the  economy 
of  Nature. 

The  theory  of  the  compression  of  bo^es,  carried  to  its  full  extent, 
might  give  rise  to  several  bold  but  striking  speculations  regarding 
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the  internal  constitution  of  our  globe.  Let  the  density  of  any  sub- 
stance,  at  a  depth  corresponding  to  the  distance  x  from  the  centre  in 
miles,  be  denoted  by  d^  (that  at  the  surface  being  assumed  the  unit,) 
and  the  radius  and  the  modulus  of  elasticity  expressed  by  r  and 
m.  Since  the  power  of.  internal  gravitation  is  directly  as  the  dis- 
tance from  the  centre,  it  will  be  demonstrated  in  the  Second  Vo* 

lume  of  this  Work,  that  Hyp.  Log.  d  ^ ,  or,  adoptinff  com- 

2  mr 

mon  logarithms,  and  inserting  the  numerical  values, 

For  Atmospheric  Air,  this  formula  becomes, 

^•''=-91090- 
For  pure  Water,  it  passes  into, 

A»d  for  white  Marble»  Haefonmda  is, 

_        .     3966*— a* 
^^•''-"7287200' 

Hence  it  may  be  conpiited,  that  if  the  same  law  of  condensation 
iMMttiiraad,  Air  would  become  as  dense  as  Water  at  the  depth  of  33^ 
miles ;  it  would  even  acquire  the  density  of  QiuckBilver  at  a  fiir- 
tlier  depth  of  IGSJ  miles. 

Tie  idea  which  I  fonnerly  threw  imt  in  the  article  Meteervlogy, 
4if  the  Supplearant  to  the  Encych^ssdia  Britannica,  that  the  ocean 
jsay  rest  on  a  sahaq«eons  bed  of  compressed  air^  is  therefore  not 
demd  of  probabiUty.  Supposing  the  rate  of  amtractjon  were  to 
poroceed  mme  ebwiy  than  at  Sn^  still  the  required  measure  of 
candeBsafiea  wedd  be  attained  at  a  depth  which  forms  a  Tsry 
anaU  part  of  the  radius  of  the  g^obe* 

But  Water,  under  the  weight  of  an  enormous  column,  mnst  like- 
wise largely  contract.  At  ibe  depth  of  93  miles,  it  would  be  com- 
joessed  into  half  its  former  bulk ;  and  at  the  depth  of  362^  nujea^ 
it  would  acquire  the  ordinary  density  of  quicksilyer.    E^en  Mar- 
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Ue  kaelf,  salviected  to  iia  own  pressure^  would  become  twice  « 
deoM  at  before  at  tbe  eaormoiu  deptb  of  287|  miles. 

It  k  oarioiie  to  remark,  that,  from  its  rapid  eomprassibility.  Air 
would  sooner  aoqaiie  tbe  same  density  with  Water,  tbaa  this  fluid 
wwrid  reach  tbe  eoadensatioii  of  MarUe.  For  the  coincidenoe  of 
Air  and  Water,  die  fimm/ka  becomes 

or*  =  16649936— Hi^l^^=?— Log.  840 ;  whence  the  depth 

is  35}  miles. 

For  eqnal  densitiee  of  Water  and  Marble,  the  ybrmtifa  is 

.       ..^.^^i.       7287200.»416707  _        „^,         ,   ,      ,      , 
«*  =  16649936 ^71495 ^'    ^^  *  ®  ^®P* 

descends  to  1*9^2/^  miles. 

If  wfrcakolftteforadepthof  395|-mile8,ii^ichi6onlythe  tenth 
part  of  the  radius  of  tbe  earthy  we  shall  find  tliat  Air  would  attun 
the  enennow  dennty  of  101 960  biBkniB ;  while^  at  the  same  depth, 
Water  wonld  aoquine  but  a  density  of  4»3493,  and  Ateble  only 
3.8095. 

At  tbe  csntie  of  the  earth,  the  aefraral  fammdm  will  beeome 

simpler.    The  logarithm  of  die  final  augmented  density  would  be 

.  ..  156400S6  .  ^  ^  15649986  ,-  ^  .,  15649936 
for  Air  -^gg^-,  for  Water  ^^^^^^ ,  and  for  Marble  ygg^aOO> 

Air  wetuld  hence  leach  the  inconceivable  density  cuLpiesmid  by  764 
with  166*  cipfaera  annexed,  while  Water  would  be  oendensed 
aOOOaOO  times,  and  Marble  a^fuire  the  density  of  lia 

S^di  ave  the  prodigious  vesdta  deduced  froip  die  law  of  grofi* 
tation,  even  sufynsing  the  stinetura  of  the  globe  were  unifonn. 
Out  il  we  take  into  the  estiamte  the  angmeated  power  from  oen* 
denaation,  die  numbers  would  beeane  sdU  merat  stupendous.  Ilr 
fidbwB,  themforsi,  that  if  the  great  body  id  our  earth  eonsistsd  o£ 
any.  such  materials  ae  we  are  aequainted  with,  its  mesA  density 
WOidd  ¥Bfy  ibr  sairpesa  the  limits  ass^g&ed  by  the  most  aeoamle 
kwreetlgaliemi.  The  astrononncal  obserfaden  by  Dr  libskelyne 
esi  die  defleeden  of  a  pendidum,  censed  by  the  attmetisB  of  the 
sides  of  Mount  flAehallienj  and  die  niee  eaqMnments  made  wkk 
die  Balance  <f  Tankn  by  Mr  Cayendish,  on  tbe  mutual  action 
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UranoSf  the  most  distant  of  the  planets  yet  discovered.  Only 
snch  surpassing  powers  of  repulsion  would  appear  at  aD  adequate 
to  balance  the  camnlatiye  mass  of  compression,  and  restrain  the  con- 
densation of  onr  globe  within  moderate  limits. 

We  are  thns  led,  by  a  close  train  of  induction,  to  the  most  im- 
portant and  striking  conclusion.  The  great  central  concavity  is 
not  that  dark  and  dreary  abyss  which  the  fancy  of  Poets  had  pic- 
tured. On  the  contrary,  this  spacious  internal  vault  must  contain 
the  purest  ethereal  essence.  Light  in  its  most  concentrated  state, 
shinii^  with  intense  refolgence  and  overpowering  splendour. 


Note  II.    P.  96. 

The  problem  of  the  Swiftest  Descent,  or  the  investigation  of  the 
Drach^stochrimaus  Curves  was  solved  only  by  Mathematicians  of 
the  first  order  about  the  dose  of  the  seventeenth  and  beginning  of 
the  eighteenth  century.  It  particularly  exerdsed  the  ingenuity, 
but  it  likewise  unhappily  excited  the  contentious  spirit,  of  the 
BemouUis.  The  last  solution  which  James  the  elder  brother  pro- 
duced in  1718  seems  uncommonly  el^ant,  and  deserves  the  more 
attention,  as  it  may  be  considered  as  the  germ  of  the  Method  of 
Variations  with  which  Lagp:Bnge  has  enriched  the  Higher  Caicu* 
hts.  I  have  endeavoured  in  the  text  to  give  the  substance  of  that 
solution  without  involving  it  in  symbolical  notation ;  but  perhaps 
the  reader  will  not  be  averse  to  see  the  demonstration  remoulded. 

If  a  body  descend  by  its  own  gravity  in  the  shortest  time  possi- 
ble from  one  point  to  another  in  the  same  vertical  plane,  it  must 
describe  every  element  of  its  curvilineal  path  likewise  in  the  shortest 
time.  Conceive  this  element  to  be  composed  of  two  minute  portions 
AC  and  BC,  viewed  as  straight  lines ;  or  let  the  extreme  pointti 
A  and  B  stand^quidistant  on  both  sides  of  the  horizontal  line  CD, 
and  al)ody  descend  with  a  certain  velodty  from  A  towards  this 
line  at  C,  and  next  with  a  different  velocity  from  C  to  B,  so  as  to 
complete  the  track  ACB  in  the  shortest  time.    A>  this  is  only  «^ 
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MflQkugpMlioaf  mmume  die  proKiinale  ftA  AdB»  and  horn  A  and 
B  describe  the  misBte  arce  Ca  and  eb^  the  track  AC  kthnaieagth- 
ened  hy  ea,  while  BC  k  ahoftened  by  Cb;  and  conaafBentiy  ea 
must  be  described  in  the  same  inatant  of  time  as  Cbf  or  «i  la  la 
Cd  as  the  velocity  <tf  deacription  above  the  hne  CD  k  to  the  velo- 
€i^  below  it  But  the  elemental  triangka  being  viewed  aa  ng^ 
aagled,  <Nt  and  C6  an  the  sines  of  the  angles  oCa  and  cCi^  wlneh 
me  equal  to  the  an^  whkh  AC  and  CB  aake  with  a  vankd 
line.  Wherefore  the  BnefayatodmmoasCwveBmBt  ho  aiidHdMk 
the  sine  ef  the  dedhndon  of  every  portion  of  it  from  the  poqieii* 
dicular  shall  be  proportional  to  the  conresponding  celerity  of  de- 
scent. Now  thk  property  belongs  to  the  Cycloid.  For  mfig.  57, 
the  tangent  at  £  being  parallel  to  the  cord  GD  of  the  generating 
circle,  makes  with  a  vertical  the  angle  GDC>  of  which  the  aine 
CO  is  proportional  to  the  velocity  acquired  in  falling  directly  from 
C  to  H,  or  along  the  cydoidal  arc  from  A  to  E. 


Note  IU.   P.  101. 

Huygens  strongly  recommended  the  adoption  of  the  length  of 
a  second's  pendulum  as  an  universal  standard  measure,  it  beiag 
divided  into  three  equal  parts,  which  he  proposed  to  call  horary 
feeL  The  project  was  afterwards  frequently  resumed  and  abanr- 
doned.  The  great  difficulty  consists  in  determining  experimen- 
tally the  position  of  the  centre  of  oscillation.  In  1778^  Mi  Hatton 
proposed  to  avoid  this,  by  applying  a  moveable  point  of  anqienalon, 
and  tiddng  for  the  standard  the  di&rence  between  the  lengtha  of 
the  two  pendulums  thus  formed.  The  ingenious  Mr  Whitdrars^ 
in  1787,  improved  the  plan,  by  making  hk  pendulums  to  vibrate 
84  and  42  times  in  a  minute,  their  lengths  being  20  and  80  inchea, 
and  leaving,  couaeqnently,  a  difference  of  5  foot  as  the  stndanL 
In  performing  the  experin.ent,  he  fonnd  the  second's  paqdnlnm  in 
London  to  have  the  length  of  39}  inches. 

After  a  loqg  interval  of  timoi  the  question  of  a  standard  pendv- 
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lam  wm  again  revirad;.  The  very  skilfiil  artist^  Mr  TrooghtOD, 
proposed  a  cylinder  of  brasSy  suspended  alteniately  from  either  end^ 
and  two-thiids  of  the  intermediate  distance  to  be  assamed^  accord- 
ing to  theory,  for  the  length  of  the  pendulum.  It  was  soon  found, 
howerer,  liable  to  much  inaccuracy  from  the  unequal  density  of 
^e  metaL  Captain  Kater,  In  1818,  happily  availed  himself  of  the 
haantifol  property  demonstiated  ,by  Huygens,  that  the  point  of 
anapeniioB  and  the  centre  of  oedUation  are  interchangeable.  He 
employed  a  bar  of  plate  brassy  with  two  moveable  knife  edges  for 
iHMpensian»  and  a  heavy  weight  attached.  A  small  intermediate  sli- 
der was  annealed,  and  shifted  along,  till  the  vibiations  from  both 
points  of  suspension  became  isochnmous.  The  number  of  those 
vibrations  was  reckoned  from  their  successive  coincidences  with  the 
oscillations  of  the  pendulum  of  a  chronometer.  In  this  way  was 
formed  a  standard  pendulum,  the  iHierral  between  the  two  points 
of  suspension  marking  its  true  length.  After  applying  several  de- 
licate corrections,  Captain  Kater  fixed  tibe  length  of  a  pendulum  vi- 
brating seconds  in  London,  at  the  temperature  of  62^  m  wteuo,  at 
S9.1S86  inches.  In  1819,  this  scientific  observer  rectified  his  cmir 
duflion,  and  determined  Ae  length  of  the  pendulum  at  diflBerent  re- 
mote stations.  For  LondoD>  he  finally  gives  39.1392^  and  for 
Leith  Fort  39.15554  inches. 


Note  IV.    P.  110. 

On  the  principle  of  Centriftigal  Force,  might  be  constructed  a  sort 
of  Bevolvinff  BaUery.  Suppose  a  wide  vertical  cylinder  holding 
a  supply  of  balk,  and  carrying  a  very  long  horizontal  branch,  to  be 
whirled  rapidly  about  its  axis ;  it  would  evidently  dischai^e  from 
the  mouth  of  tbe  pipe  a  torrent  of  shot  with  considerable  force. 
Each  ball,  driven  along  the  tube  by  centrifugal  action,  and  descri- 
bing at  the  same  time  a  circle,  must  be  projected  at  an  oblique  an- 
gle. To  find  this  deviation  from  the  tangent,  or  a  perpendicular  to 
the  tube,  is  a  curious  problem.  Resuming  the  notation  of  t^  text, 
and  putting  x  for  the  distance  of  the  ball  from  the  centre  of      * 
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tion^y^s  -^,  and  coDBequentlyy  vdv  =  -g^  >  and  the  integral 

t^'s^sT-y  or  -75  •  —  =  Vf  the  radiating  Telocity.    Bui  the  yelo- 

2ii«  i 

city  of  rerolntion  being  — ,  ie  eridently  to  v  aa  2 :  -^  or  ^S2 ;  1, 

which  ia  the  ratio  of  radioa  to  the  tangent  of  dedinalion»  or 
10^  V  W\  Heoee  the  obliquity  of  diacharge  remaina  in  aD  caaea 
predaely  the  Mine. 

In  Holland  and  Fbndens  the  bleacheia  vae  a  very  long  seoop 
for  watering  their  linen.  The  atraam  ninat  thereiwe  ivae  frooi 
the  groove  alwaya  neaily  aft  ^  Mone  angle. 


NoTi^v.  P.  lea 

If  the  Concentrator  of  Force  recelTe  ita  impnUon  from  a  eeid 
wound  abont  the  circamference  of  a  cylhider,  the  moring  power 
will  evidently  travel  with  an  accelerated  velocity.  Sncb  a  mode 
of  action  ia  easOy  obtained  from  a  deaceniing  weight  or  an  expand- 
ing spring.  But  where  ammal  power  is  employed,  or  thepreaavre 
of  a  regular  engine,  the  primary  motion  muat  neceasarily  be  lini- 
form.  This  condition  is  very  nearly,  if  not  absolutely,  obtained, 
by  snbstitntmg  a  sort  of  tapered  yiiMe  instead  of  the  cylinder,  ^ 
preasuTe  beginning  at  a  considerable  distance  from  the  axis,  and 
then  graduaDy  approaching  it.  It  is  a  curious,  though  not  a  diffi- 
cult problem,  to  determine  the  nature  of  the  curre^  which  is  b 
species  of  hyperbola.  The  reversed  incurvation  serves  to  soften 
and  equalize  the  discharge  of  the  momentum  acquired  by  the  Con*- 
centrator. 


KotbVI.    p.  209. 


The  common  atmospheric  engine,  having  a  connterpoiae  at  the 
fitfther  end  of  the  beam,  acts  merely  hjpuUififf*    The 
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cokr  modoiKtf  its  pimp  rod  is  therefore  prodaced  by  a  flexible  or 
jointed  diain  (like  that  of  a  watch)  bending  on  a  sector.  Bnt  in 
Mr  Watt's  eDgine»  the  power,  bein^  commimicated  by  alternately 
drawifig  and  pudrng^  it  became  necessary  to  direct  the  rod  of 
the  piiton  in  a  vertical  and  rectilineal  path.  This  is  effected,  at 
least  approxiniately,  by  a  simple  and  ingenions  contrivance  called 
the  ParoOd  Motion,  fig.  113.  represents  it:  AC  is  one  half  of 
the  beam  tviniiw  on  its  eeBtre  Cy  ADEF  te  a  paialleloffnan  jointed 
at  its  foor  angles,  and  carrying  the  rod  from  F,  which  is  goided  by 
the  bar  BE,  tetened  to  a  firm  beam  at  B,  and  working  on  the  joint 
K  It  is  easy  to  seer  that  £  must  describe  a  small  arc,  and  that 
the  deviation  from  the  tangent  and  towards  B  will  be  invenely  as 
the  radins  BE.    Bat,  for  the  same  reason,  the  point  D  deviates 

towards  C  by  a  quantity  as  ^^ ;  and  £F  beyig  kept  parallel  to 

CD,  the  point  F  will  decline  proportionaDy  from  the  yertical  to- 
warda  C.    Urns,  the  deviation  of  the  top  of  the  pistonn^  to  the 

1  1       EF' 

right  and  to  the  left  will  be  denoted  by  ^7^,  and  by  7^=  .  ~1  or 

DCt  '  CD    CD 

EF 

^^  i  and  consequently,  to  correct  those  opposite  effects,  it  is 

I        EF 

requisite  that  gg  =  ^^,  or  BE .  EF  =  CD«.     Wherefore  the 

beam  CA  most  be  so  divided,  that  the  part  CD  shall  be  a  mean 
pvoportioiial  between  the  remainder  DA  and  the  length  of  the  stay 
BE. 

This  mode  of.  rectification  is  sufficient  for  piactice,  though 
strictly  applicaUe  only  to  smaU  aita  of  vibration.  The  extended 
path  of  E  is  a  complex  curve  line. 


N6TEV1L   P.  259. 

This  property  may  be  demonstrated  geometrically.  For  let  the 
paraboh  BAC  (fig.  134.)  have  its  parameter  and  its  axis  AB  equal 
to  the  diameter  of  the  circle ;  if  AD  be  taken  the  third  part  of  AB, 
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AenDE,  in  the  parabola^  wiD  be  equal  to  A6C0iVBi{MnidingdHird 
of  the  circle,  DB  will  be  proportional  to  the  aqpare  of  die  choid 
AE.  The  strength  of  the  beam  will  hence  be  represented  hj  Ae 
rectangle  BDEF.  But  this  space  is  a  maximum  ;  for  the  tmgan 
VF  being  drawn,  AD= AT,  and  conseqo^tiy  DTsDB.  B«t  the 
elementary  rectangle  KD  is  eqnal  to  KG  or  EL.  The  lectaiigie 
BDET  has  tSius  its  increments  balanced  by  the  decrement,  and  ia 
therefore  the  greatest  that  can  be  inscribed  in  the  giren  parabola. 


Nora  VnL    P.  «81. 

Tlie  pother  of  tmotion  oxeHed  hy%  horse,  biing  ovHonUy 
poonded  of  the  velocity  .and  the  strain,  is  hence  denoted  by 
V  (12— tr)*,  which  becomes  a  maximnm  when  v  is  equal  to  four 
mfles,  or  the  ihird  part  of  12.  ]kt  tiie  same  conehHm  iaay  be 
derired  geometrically.  Let  OAC  {%  I9S.),  be  a  ponbolB^  of 
which  AO  is  the  axis,  and  AB  a  vertical  tangent :  If  the  part  DB 
denote  the  actual  velocity,  the  perpendienlar  DE,  being  as  the 
square  of  AD,  will  express  the  strain.  Wherefore  the  exterior 
rectangle  DEF  will  represent  the  compound  effect.  Contignooa 
to  E  assume  the  point  K,  and  draw  the  secant  EKT ;  then  AT 
win  approximate  to  an  equality  with  AG.  The  dementary  rect- 
angle 6K,  bring  equal  to  KH,  must  therefore  be  dooUe  of  KIX 
But  the  rectangle  EB  in  the  state  of  a  maxwmmf  will  have  its  in- 
crement KD  on  the  <H^e  side  equal  to  its  decrement  EL  on  the 
other.  Consequently  GH  is  double  of  EL,  and  the  part  AD  dou- 
ble of  DB,  which  is  therefore  the  third  part  of  the  whole  AB. 


Note  IX.    P.  399. 

» 

When  air  is  projected  from  a  small  orifice,  either  into  free  space 
or  into  a  dose  vessel  with  a  wider  exit,  it  will  evidently  spread  out 
in  diverging  streamlets,  and  hence  sufier  rarefaction.  The  radiap 
ting  dischai^e  of  a  fluid  thus  involves  a  principle,  as  I  noticed  in 
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tbe  «iticfe  MoteoBpkigy  of  the  SnppleoHnit  19  the  Encydofm^ 
UritBnifff")  which  expbuat  a  muBber  of  cmioiis  fiicte.  Heaoe  the 
0«^ieDgioii  aii4  plef  of  a  Uule  hall  ahove  a  jet  of  air  froia  a  cob- 
deB8U^eiig]De;aDdheacey  too,  the  lowered  teoipenKtiireef  each  a 
etram  fieom  a  condenwagengine^  or  of  a  cmwtt  of  the  Higjk  Ftm- 
aoDeSteen. 

Tbe  seine  principle  ekuadatee  the  eeeaaiiy  peiadoxiatheaetjoa 
of  flaidsy  lately  considered  by  the  ingenions  M.  Hachette.  If  a 
pipe  bent  directly  downwards  expand  at  its  lower  extremity  inta 
acMiOy  the  base  of  which  is  hori«mtal»«A6irded  by  a  narrow  briniy 
and  ineroed  with  a  little  oentnl  hole,  but  hanng  a  circnlar  plate 
fitting  looaely  iridi  a  wei^^t  an^ded :  a  otreaig  «iimii  of  air  i^ 
mmg  throiqift  tba^  nanow  orifi^e^  eo  6r  froas  hlo#iqg  away  the 
eovai^  wiU  dmw  it  fioraUy  aad  aappoit  the  lead.  The  aheet  of 
air  betwoan  the  opporite  ewfiwes  beiiig  kept  nteied  by  its  dif«r« 


Heace  arises  the  imrertainty  ia  soane  cases  of  safety  i^ahws* 

A  simibff  effect  is  produced  la  the  expending  discharge  of  water 
ftOB  a  aaiipw  eiatlet*  Iho  stieaaoJets  dindiBg  from  tin  ceBtro» 
draw  in  «dr  loid  kesp  it  rarefied  by  their  lapid  dimgence.  The 
play  of  a  bdU  OTOv  a  j«<  €l*ew  depends  OB  a  modification  of  the  aaase 
pDncq^  A  tike  eitplaaation  may  be  given  of  aaoAerfcct,  men* 
tioned  to  me  by  a  friend,  that  the  common  bdbws  work  with 
great  difficolty  when  ibe  Talre  is  much  larger  than  the  hole  which 
it  covers. 


NoteX.    P-407; 

The  fatest  and  beat  act  of  expervaento  on  the  motion  of  flaids, 
was  pedbrmed  between  the  years  1811  and  1815  at  Fahlan,  l^y 
Lageilnelmt  Fonettes,  and  Keikteniasy  at  the  expense  of  the  Min- 
ing Society,  aad  paUished  in  18I8  and  1822  at  Stockholm  in  the 
SwediA  tongaage,  under  the  title  of  Hydraulic  Fanok.  Tbe 
pvoiaaadmalkeBuitical  knowledge  displayed  in  that  work  is  highly 
creditable  to  the  practicable  engineers  of  Sweden.  I  regret  that  I 
cannot  afford  space  for  any  detail  of  their  experiments.     It  may. 
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■office  to  remark,  thai  they  foimd  the  discharge  of  water,  from 

« 

presnue  throiigh  a  drcdar  hole,  to  be  almost  exactly  S-Sths,  and 
the  shock  of  a  cmrent  against  a  plane,  9-lOtha  of  the  quanti- 
ties assigned  by  theory ;  and  that  the  resistance  which  a  wedge 
enconnteiB  in  water,  consists  of  two  distinct  portions,  as  akeady 
stated  in  the  text,  the  one  depending  on  the  sqoare  of  sine  of  the 
angle,  and  the  other  on  the  cosine  of  that  angle. 


Nora  XL    F.4Slft. 

I  find  diat,  adopting  roond  nnmbers,  what  is  called  a  angle 
hone  poww  in  mechanical  pefformance  may  be  estmnaed  aft  one 
thousand  eulnc  leet  of  waiter,  raised  to  the  height  of  one  fMiC  in  a 
minnte»  This  might  be  exemplified  m  the  small  tiTer  Leven,  which 
issoea  firom  a  Lake  of  that  name,  and  rons  mosily  through  Fife- 
shire  aboat  twelre  mOes,  till  it  dischargea  itself  into  the  Fbrth 
of  Fordi.  The  mean  flow  being  reckoned  4000  cubic  ieet  for 
every  minute,  the  descent  of  906  feet  woald  certainly  leave  a  fid!  of 
200  andbble  for  the  porpose  of  driving  Machinery.  The  whole  im- 
pulsion of  the  stream  of  the  Leren  is  hence  represented  by  4  X  SOD, 
or  800  hoiae  power ;  or  what  is  equivalent  to  the  operation  of  40 
steam  engines,  each  of  20  horse  power. 


Note  XII.    R437. 


,  A  ship  must  endently  sail  ftster  in  proportion  to  ibn  extent  of 
canvas  exposed  to  the  vrind,  and  the  emallneas  of  its  raaistanoe  in 
ploughing  the  water.  The  rate  of  going  will  hence  depend  as 
much  on  the  stability  of  the  vessel  as  on  its  tapered  form.  Hie  late 
Admiral  Chapman  of  the  Swedish  Navy,  the  ablest  and  most  aden* 
tific  shipbuilder  of  his  day,  gave,  as  the  result  of  very  long  expe- 
rience, that  the  square  of  the  effectual  velocity  of  a  ship  may  be 

B'L* 
expressed  by  ^q$~>  where  B  denotes  the  breadth,,  and  D  the 
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depth  at  the  bi)ge»  and  L  the  length  of  the  hull.  Fut  saiUng  is 
thus  the  least  affected  by  the  breadth,  but  depends  chiefly  on  the 
length  and  on  the  smallness  of  the  draught  of  water.  It  hence 
follows,  that  the  absolute  efficiency  of  navigation,  or  the  qoantity 
of  goods  transported  in  a  giyen  time,  will  be  represented  by 

D* 

Our  merchant  ships,  in  their  constniction,  are  notoriously  infe- 
rior to  those  of  most  other  nations,  and  particularly  the  Swedes 
and  Americans.  They  sail  worse,  have  less  stability,  and  suffer 
more  from  stress  of  weather.  These  defects  have  been  chiefly 
caused  by  the  operation  d  the  absurd  rule  for  the  admeasurement 
of  tonnage,  which  takes  into  account  only  the  length  and  breadth 
of  the  sli^  assuming  the  depth  as  always  the  same  portion  of  the 
latter.  The  bnilden  are  therefore  tempted  to  increase  the  depth  at 
the  expense  of  the  breadth,  and  the  vessel  is  thus  made  to  draw 
more  water  and  carry  less  sail.  Another  evil  arises  from  this  con* 
stmction,  the  necessity  of  deepening  our  harbours.  Let  us  hope, 
that  so  gross  a  mode  of  ascertaining  the  tonnage  will  be  speedily 
abolished. 


NoTBXm.    P.  448. 

1  have  endeavoured,  in  a  popular  way,  to  reconcile  the  New- 
tonian theory  of  waves  with  the  actual'  appearances.  But  to  inves- 
tigate the  subject  thoroughly  would  prove  a  most  arduous  task. 
The  profound  researches  of  Lagrange  and  Poisson  on  the  vibra- 
tions of  fluids,  are  only  fine  speculations,  which  yet  seem  to  bring 
out  no  definite  or  practical  results. 


END  OF  VOLCmX  VIR8T. 
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